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ABSTRACT
The e f f e c t s  o f  s a l i n i t y  on cadmium t o x i c i t y  t o  the  bay mys i d,  
M y s i d o p s i s  bah i a  Molenock were s t u d i e d  in a s e r i e s  o f  e x pe r i me n t s  
e xami n i ng  a c u t e  s a l i n i t y  t o l e r a n c e ,  e f f e c t  o f  s a l i n i t y  on i n t e r m o l t  
p e r i o d ,  normal o s m o r e g u l a t o r y  c a p a c i t y  and d u r a t i o n  o f  ad j u s t me n t ,  
i n t e r a c t i o n  o f  s a l i n i t y  w i t h  a c ut e  cadmium t o x i c i t y ,  r o l e  o f  
c hange s  In cadmium s p e c i a t i o n ,  m o d i f i c a t i o n  o f  r e s p o n s e  due t o  
c a l c i u m  ant agoni s m and e f f e c t s  o f  cadmium on o s m o r e g u l a t i o n .
Upper and lower  t o l e r a n c e  l i m i t s  i n c r e a s e d  from 32 . 1  to
4 3 , 7  / o o  and 4 , 9  t o  9 . 1  / o o  r e s p e c t i v e l y  as a f u n c t i o n  o f  
i n c r e a s i n g  a c c l i m a t i o n  s a l i n i t y .  Mysids a c c l i m a t e d  t o  h i gh  s a l  
i n i t i e s  t o l e r a t e d  a wi de r  range o f  s a l i n i t i e s  than d i d  t h o s e  
a c c l i m a t e d  t o  low s a l i n i t i e s .  Exposure t o  low s a l i n i t y  wat e r  
(11 / o o )  r e s u l t e d  in a s i g n i f i c a n t l y  l o n g e r  i n t e r m o l t  d u r a t i o n  ( 6 . 7  
d)  compared t o  an i ma l s  expos ed  t o  high s a l i n i t y  wat e r  ( 6 . 4  d at  
3 2 ° / o o ) .  H v s i d o o s 1s bah i a  o s mo r e g u l a t e s  a t  s a l i n i t i e s  from 5 t o
37 / o o  and e x h i b i t s  an i s o s m o t i c  po i n t  o f  24 / o o .  Hemolymph 
o s m o l a l i t y  a t t a i n e d  s t e a d y - s t a t e  c o n d i t i o n  by 95 min a f t e r  t r a n s f e r  
t o  h i gh  (32 / o o )  and low {6 / o o )  s a l i n i t y  wat e r .
The 96- h  LCrn ( as  t o t a l  cadmium, CdT) i n c r e a s e d  in a g e n e r a l  
l i n e a r  f a s h i o n  from 14 . 7  ug/L at  6 / o o  t o  9 0 . 3  ug/L a t  38 / ° 9 +
When t o x i c i t y  was e x p r e s s e d  in terms o f  f r e e  cadmium ion (Cd ) 
r a t h e r  than Cd-p Cdtl  o r  CcfC 1 -  o n l y  a s l i g h t  s a l i n i t y  e f f e c t  was  
a p p a r e n t ,  s u g g e s t i n g  t h a t  Cd t h e  primary t o x i c  s p e c i e s .
Mys ids  were more t o l e r a n t  o f  Cd a t  an i n t e r m e d i a t e  s a l i n i t y  o f  
2 2 ° / o o  and l e s s  t o l e r a n t  a t  low and h i gh  s a l i n i t y  extremes  (6 and
38  / o o ) .  A l t e r a t i o n  o f  cadmium s p e c i a t i o n  by u s e  o f  an a r t i f i c i a l
l i g a n d ,  n f t r i 1o t r i a c e t i c  ac i d  (NTA), produced c o n f l i c t i n g  r e s u l t s .  
T o x i c i t y  o f  Cd was i ndependent  o f  Cdj c o n c e n t r a t i o n  a t  a g i v e n  
s a l i n i t y  but  i n c r e a s e d  w i t h  i n c r e a s i n g  s a l i n i t y  a n d / o r  NTA 
c o n c e n t r a t i o n  and was de t er mi ned  t o  be t h e  r e s u l t  o f  s a l i n i t y - C d
and NTA-Cd i n t e r a c t i o n s .  ~
Calc ium e x e r t e d  a s par i n g  e f f e c t  on Cd t o x i c i t y - a l t h o u g h  the  
e f f e c t  was not  as pronounced as  were e f f e c t s  due t o  Cd - s a l i n i t y  
i n t e r a c t i o n s .  Molt  r a t e ,  de t ermined as number o£+e x u v i a e  r e c o v e r e d  
per  mysid day ,  was s i g n i f i c a n t l y  i n c r e a s e d  by Cd - s a l i n i t y  
i n t e r a c t i o n .  P a r t i a l  c o r r e l a t i o n s ,  a d j u s t e d  f o r  t he  i ndependent  
e f f e c t  o f  s a l i n i t y  on mo l t  r a t e ,  o f  number o f  dead mysids  w i t h  
number o f  mol t  c a s t s  r e c o v e r e d  were s i g n i f i c a n t  f o r  most p e r i o d s ,  
s u g g e s t i n g  t h a t  t h e  o bs e r v e d  i n c r e a s e  in apparent  molt  r a t e  may 
a c t u a l l y  be a ~ r e f 1e c t i o n  o f  enhanced s e n s i t i v i t y  o f  p o s t - m o l t  
an i ma l s  t o  Cd t o x i c i t y .  The independent  e f f e c t  o f  s a l i n i t y  on 
mol t  r a t e  and p o s t - m o l t  s e n s i t i v i t y  to cadmium may then a t  l e a s t  
p a r t i a l l y  e x p l a i n  t he  r e s i d u a l  s a l i n i t y  e f f e c t  t h a t  i s  o b s e r v e d  
e ven  when s p e c i a t i o n  and c a l c i um e f f e c t s  are c o n s i d e r e d ,
A s l i g h t ,  but  i n s i g n i f i c a n t ,  change  in serum o s m o l a l i t y  
o b s e r v e d  a f t e r  e x p o s u r e  f o r  24 h t o  3 . 6 2  ug/L Cd at  the  low t e s t  
s a l i n i t y  o f  1 2 ° / o o  in t he  f i r s t  o s mo r e g u l a t i o n  expe r i ment  was  
pr o ba b l y  due t o  a ' ' t r a n s f e r  e f f e c t "  and/ or  r e l a t i v e  crowding o f  
a n i m a l s .  No e f f e c t s  on hemolymph os mor e gul a t  ion were o b s e r v e d  in 
t h e  s e c on d  e x pe r i me n t  f o l l o w i n g  exposure  f or  up t o  48 h t o  s i m i l a r  
Cd l e v e l s  a t  12 t o  30 / o o  s a l i n i t y .
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GENERAL INTRODUCTION
Cadmium i s  a n o n - e s s e n t i a l  heavy metal  which o c c u r s  at  a 
na t ur a l  background c o n c e n t r a t i o n  o f  0 . 01  t o  0 . 1  uy/L in f r e s h  and 
s a l i n e  w a t e r s  ( F o r s t n e r ,  1980; Simpson,  1981) .  Hi ghe r  c o n c e n t r a ­
t i o n s  are  f r e q u e n t l y  found in r i v e r s  and e s t u a r i e s  as  the  r e s u l t  o f  
i n d u s t r i a l  a c t i v i t i e s ;  r e p o r t e d  wat e r  c o n c e n t r a t i o n s  o f  1 0 . 3  ug/L 
f or  Long I s l a n d  Sound (Gassaway and Daughert y ,  1973 ) ,  7 . 0  ug/L f or  
Rar i t an  Bay (Segar  and C a n t i l l o ,  1976) ,  AS . 7 ug/L f o r  Foundry Cove 
(Kneip e t  a L ,  1974)  and 100 ug/L f o r  Hong Kong Harbour (Chen e t  
a ) ■, 1974)  r e p r e s e n t  r e l a t i v e l y  extreme c a s e s  o f  cadmium p o l l u t i o n .  
In V i r g i n i a ,  mean w a t e r  column cadmium c o n c e n t r a t i o n s  in a l l  
branches  o f  t h e  E l i z a b e t h  Ri ve r  f o r  y e a r s  1972 t hrough 1979 ranged  
from 8 - 14  ug/L [ V i r g i n i a  S t a t e  Water Control  Board,  1984) ,  The 
c o n c e n t r a t i o n  w i t h i n  s e d i me nt s  may be 10^ t i m e s  h i g h e r  than t h a t  in 
the  o v e r l y i n g  wat e r  and thus  can s e r v e  as  a r e s e r v o i r  f or  
r e m o b i l i z a t i o n  o f  t h e  metal  dur i ng  storm a c t i v i t y ,  d r e d g i n g ,  e t c .  
(Simpson,  1 9 8 1 ) .
g
Ne a r l y  h a l f  the  t o t a l  cadmium i nput  ( 9 . 2 5  x 10 g / y r )  i n t o  the  
marine environment,  i s  a n t h r o p o g e n i c  in nat ur e  (Simpson,  1981 ) .  
Sour c e s  o f  cadmium i n c l u d e  d i s s i p a t i v e  l o s s e s  from manufactured  
p r o d u c t s ,  s m e l t i n g  a c t i v i t i e s ,  e l e c t r o p l a t i n g  and a l k a l i n e  b a t t e r y  
i n d u s t r i e s  and a t mos phe r i c  d e p o s i t i o n  o f  f o s s i l - f u e l  c ombust i on  
pr oduc t s  (Bryan,  1976;  F o r s t n e r ,  1980;  Simpson,  1981;  Smith e t  a ) , ,
3 .
1 9 8 7 ) .  P r o d u c t i o n  and c o n s u mp t i o n  of  c admi um- cont a i n i ng  product s  
c o n t i n u e s  t o  i n c r e a s e  ( F o r s t n e r ,  I9G0),  As a r e s u l t  o f  the t ime lag 
b e t we e n  p r o d u c t i o n  and d i s p o s a l  o f  p r o d u c t s ,  peak input  to  the  
e nv i ro n m e n t  has n o t  y e t  been a t t a i n e d  {Simpson,  1991) .  A r e c e n t  
r e v i e w  o f  w a t e r  q u a l i t y  t r e n d s  in U.S.  r i v e r s  from 1974 to  1981 
i n d i c a t e d  an i n c r e a s e  in cadmium c o n c e n t r a t i o n s  at 48 o f  285 
s t a t i o n s ,  due p r i m a r i l y  t o  i n c r e a s e d  a t mo s p h e r i c  d e p o s i t i o n  (Smith 
£ t  a K ,  1 9 6 7 ) .
The r e p o r t e d  a c u t e  t o x i c i t y  (96-h LC^q) o f  cadmium to  
s a l t w a t e r  o r g a n i s m s  r a n g e s  from 1 5 . 5 - 1 1 0  ug/L f or  Hvs l doos i  s bahia  
and Hj . b i g e l  owi (Nimma £ t  aK, ,  1977,  G e n t i l e  1982;  Roberts
S i  al  . , 1982)  t o  1 3 S t OOO ug/L f o r  Mononhvlephorus c u t i c a l a t u s  
(Chapman e t  i / L ,  1 9 8 2 ) .  The mean ac ut e  v a l u e  determined from the  
33 g e n e r a  o f  s a l t w a t e r  o r g a n i s m s  i n c o r p o r a t e d  i nt o  t he  p r e s e n t  
w a t e r  q u a l i t y  c r i t e r i a  f o r  cadmium i s  8 5 . 0 9  ug/L (l>. S. E.P,  A , ,
1 9 8 5 a ) ,
Ch r o n i c  t o x i c i t y  o f  cadmium to  s a l t w a t e r  organi sms i s  not  we l l  
known; t h e  o n l y  l i f e - c y t l e  t e s t s  performed t o  dat e  have employed  
t h e  m y s i d s  FT. b a h i a  and b i g e l owi (Nimmo e t  a K ,  1978a;  G e n t i l e
e t  al_!_, 1982;  Car r  £ t  £ L ,  1 9 8 5 ) .  Al though both e a r l i e r  
i n v e s t i g a t o r s  a r r i v e d  a t  s i m i l a r  chr oni c  v a l u e s  (MAICs o f  8 , 2 4  ug/L 
and 7 . 1 4  ug/ L)  f o r  LL bahi  a , t h e  acute  v a l u e s  d i f f e r e d  g r e a t l y  
( 1 5 . 5  v s . 110 u g / l  ) ,  r e s u l t i n g  in c o n s i d e r a b l e  d i v e r g e n c e  in t he  
a c u t e - c h r o n i c  r a t i o s  (ACR) be t we e n  the two s t u d i e s .  The acut e  and 
c h r o n i c  v a l u e s  (and h e n c e  ACR) f o r  b i q e l owi  were i d e n t i c a l  to  
t h o s e  o b t a i n e d  f o r  bahia in t h e  c omp ar a t i ve  s tudy o f  G e n t i l e  e t  
a l . ( 1 9 8 2 ) .  E . P . A ,  has used t h e  g e o me t r i c  mean o f  tho  ACRs
4 ,
( 9 . 1 0 5 )  t o  d e t e r m i n e  a s a l t w a t e r  Fi na l  Chronic  v a l ue  o f  9 , 345  ug/L 
in t h e  n a t i o n a l  w a t e r  q u a l i t y  c r i t e r i a  f o r  cadmium ( U . S . E . P , A , ,  
1985a) ,  Al t hough  t h e  r e s u l t s  o f  Carr £ t  a L,  (1935)  wore not us ed  
in d e t e r m i n i n g  c r i t e r i a ,  t hey  a r r i v e d  at  a s i m i l a r  MATC o f  11 ,3  
ug/L bas ed  on t h e  s u r v i v a l  and r e p r o d u c t i v e  end p o i n t s  employed by 
t he  e a r l i e r  i n v e s t i g a t o r s .
The t o x i c i t y  o f  cadmium to  f i s h  and c r u s t a c e a n s  has been shown 
in numerous s t u d i e s  to  change  as a f u n c t i o n  o f  ambient  s a l i n i t y ,  
the  metal  b e i n g  g e n e r a l l y  more t o x i c  at  low s a l i n i t i e s  ( e . g .
O’ Hara,  1973;  J o n e s ,  1975;  Rosenberg and Cos t l ow,  1976;  S u l l i v a n ,  
1977 ; Vernberg e t  al  . . 1977;  f r an k  and Rob e r t s on ,  1979;  Voyer e t  
a l ■. 1979,  198?;  V e r r i o p o u l o s  and M o r a i t o u - Ap o s t o l o p o u l o u ,  1 9 8 2 ) ,  
a l t h o u g h  t h i s  r e l a t i o n s h i p  i s  n o t  a l ways  c o n s i s t e n t  (Middaugh and 
Dean,  1977;  Denton and Bu r d on- Jon e s ,  1982) ,  Comparison o f  r e p o r t e d  
9 6 ' h  LCjjgS f o r  f t  bahi  a a l s o  s u g g e s t s  a s a l i n i t y  e f f e c t  on cadmium 
t o x i c i t y  f o r  t h i s  s p e c i e s ;  L C ^ s  o f  15 . 5  ug/L at  1 0 - 1 7 0/ o o  (Nimmo 
£ i  a K ,  1 9 7 7 ) ,  1 7 - 2 9  ug/L at  2 0 ° / ° o  (Rober t s  e t  a l ,  1982)  and 110 
ug/L at  3 0 ° / o o  ( G e n t i l e  et, a j^ ,  1902)  c o n s i s t e n t l y  r e f l e c t  t h i s  
t r e n d .  I n t e r e s t i n g l y ,  c h r o n i c  t o x i c i t y  does  not  appear  t o  be as  
s t r o n g l y  a f f e c t e d  by s a l i n i t y  as r e f l e c t e d  in t he  s i m i l a r i t y  o f  
c h r o n i c  MATCs d e t e r m i n e d  at  s a l i n i t i e s  r angi ng  from 15 to  3 0 ° / o o  
(Nimmo e t  a K ,  19782;  G e n t i l e  e t  al . .  1982; Carr e t  a j ^ ,  1985) .  
These r e s u l t s  s u g g e s t  t h a t  the d i s p a r i t y  in ACRs de t er mi ned  by 
G e n t i l e  e t  a l  ■ ( 1 9 8 2 )  and Nimmo e t  a l  ( 1978a)  i s  due to  the e f f e c t  
o f  s a l i n i t y  on t h e  a c u t e  t o x i c i t y  o f  cadmium.
E s s e n t i a l l y  t h r e e  n o n - e x c l u s i v e  hyp o t h e s e s  have been pr opos e d  
to  e x p l a i n  t h e  " s a l i n i t y  e f f e c t ” oo cadmium t o x i c i t y .  One
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e x p l a n a t i o n  i s  t h a t  a t  low s a l i n i t i e s  organi sms  are  under g r e a t e r
o s m o t i c  s t r e s s  and t h a t  d i s r u p t i o n  o f  i o n i c  (and c o n s e q u e n t l y
o s m o t i c )  r e g u l a t i o n  l ea d s  t o  enhanced m o r t a l i t y  ( Hut c he s on ,  1974;
Thurberg e t  a l . , 1973;  Jone s ,  1975;  Rosenberg and Cos t l ow,  1976;
G i l l e s  and Pequeux,  1 983 ) .  Calcium-cadmium i n t e r a c t i o n s ,  perhaps
t hrough d i r e c t  c o m p e t i t i o n  f or  b i n d i n g  s i t e s ,  has a l s o  been o f f e r e d
as an e x p l a n a t i o n  f or  t h e  d e c r e a s e  in t o x i c i t y  a t  e l e v a t e d  s a l i n i t y
(and h e n c e  c a l c i u m  c o n c e n t r a t i o n )  (von Westernhagen e i  a l ^ ,  1974;
von Westernhagen and f l e t h l e f s e n ,  1975; Wright ,  1977; Wei s ,  1978;
Wright  and t r a i n ,  1981b) .  Cadmium-ralcium c o m p e t i t i o n  f o r
e n z y ma t i c  b i n d i n g  s i t e s  has  been proposed t o  be due t o  t h e  s i m i l a r
i o n i c  r a d i i  and c har ge  d e n s i t i e s  o f  the  two m e t a l s  {Chao e t  al  ■.
1 9 8 4 ) .  F i n a l l y ,  i t  has  been argued t ha t  o n l y  t he  f r e e  ( o r
h y d r a t e d )  cadmium ion (Cd^+) i s  t o x i c  and t h a t  t he  e f f e c t  i s
2 +p r i m a r i l y  a r e f l e c t i o n  o f  i n c r e a s e d  c h e l a t i o n  o f  Cd by Cl as  
s a l i n i t y  i n c r e a s e s  (Sunda e t  a l , ,  1978) ,
The o b j e c t i v e s  o f  t h i s  s tudy  were to 1) d e t er m i n e  t h e  e f f e c t s  
o f  s a l i n i t y  on t h e  a c u t e  t o x i c i t y  o f  cadmium t o  IV bahia and 2)  t o  
e l u c i d a t e  t h e  che mi c a l  and b i o l o g i c a l  mechanisms by which s a l i n i t y  
e x e r t s  such e f f e c t s .  The bay mys i d,  b a h i a . was chosen f o r  
s e v e r a l  r e a s o n s :
1, f r e q u e n t  u s e  in a c ut e  and chroni c  t o x i c i t y  t e s t s ;
2,  important  r o l e  in e s t u a r i n e  food webs ( e . g .  Markle and
Grant ,  1970; Odum and Heald,  1972; Smith e t  a l . , 1984) .
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3 .  p u b l i s h e d  acut e  t o x i c i t y  dat a  f or  cadmium i n d i c a t e  a
s a l i n i t y  e f f e c t  (Nimmo gt  j f ,  1977, 1978a;  G e n t i l e  e t  
al . . 1982;  Roberts  e t  a l ,  1982) .
4.  g r e a t e r  s e n s i t i v i t y  than o t h e r  commonly-used t e s t
an i ma l s  (Nimmo and Hamaker 1982) .
5.  e a s e  o f  c u l t u r e  and r e s u l t a n t  year-round a v a i l a b i l i t y
and 6 .  i t s  smal l  s i z e  makes i t  amenable to  e x p e r i m e n t a l  d e s i g n s
i n v o l v i n g  m u l t i p l e  i ndependent  v a r i a b l e s  and r e p l i c a t e s .
A t i e r e d  approach was used to  s e q u e n t i a l l y  e l i m i n a t e  or  
d e t e r m i n e  a p p r o p r i a t e  l e v e l s  o f  r e q u i s i t e  independent  v a r i a b l e s  
which were  t o  be manipulated in subsequent  s t u d i e s .  S a l i n i t y  
t o l e r a n c e  and o s mo r e g u l a t i on  s t u d i e s  were  f i r s t  performed t o  d e f i n e  
a p p r o p r i a t e  t e s t  s a l i n i t i e s  and a c c l i m a t i o n  regimes  f o r  l a t e r  
e x p e r i m e n t s ;  t he  r e s u l t s  o f  these  s t u d i e s  a l s o  s e r v e d  t o  de t er mi ne  
t he  a p p r o p r i a t e n e s s  o f  fb bahia as an e s t u a r i n e  b i o a s s a y  organi sm.  
S e p a r a t e  e x p e r i m e n t s ,  in h i t h  the a c t i v i t y  of  f r e e  cadmium ion was  
v a r i e d  ove r  ; range  o f  s a l i n i t i e s  by a l t e r i n g  t h e  c o n c e n t r a t i o n  o f  
t o t a l  cadmium and by c h e l a t i o n  o f  the i on  with an a r t i f i c i a l  l i g a n d  
( n i t r i 1o t r i a c e t i c  a c i d ) ,  were then performed to d e t e r m i n e  the r o l e  
o f  c he mi c a l  s p e c i a t i o n  in producing t he  s a l i n i t y  e f f e c t .  R e s u l t s  
from t h e s e  e x p e r i m e n t s  a l l owed f or  proper control  o f  cadmium 
s p e c i a t i o n  in s ubs equent  exper iments  examining t he  r o l e s  o f  c a l c i um  
a n t a g o n i sm  and os moregul a tory  impairment in e x p l a i n i n g  t h e  e f f e c t  
o f  s a l i n i t y  on cadmium t o x i c i t y .
SALINITY TOLERANCE
I nt roduct i on
Mvs i doos i s  bahia has been c o l l e c t e d  from Mexico to 
sout hwe s t er n  F l o r i d a  in Gul f  o f  Mexico w a t e r s  rangi ng  in s a l i n i t y  
from 3 to 5 4 ° / o o  and t emperatures  from 24 t o  34°C ( B r a t t e g a r d ,
1970; Molenock,  1969; Conte ,  1972; Odum and Heald,  1972; P r i c e ,  
1978,  1982) .  Nimmo e t  a l , ( 1978a)  obs erved  s ur v i v a l  o f  c u l t u r e d  M. 
bahia f or  up t o  72 h at  2 - 3 ° / o o  s a l i n i t y  but  noted t hat  
r e pr oduc t i on  i s  re tarded a t  s a l i n i t i e s  o f  6 - 8 ° / o o .  Though t h e s e  
aut hor s  did not  report  the  c u l t u r e  t empe r a t u r e s  f o r  t h e s e  
o b s e r v a t i o n s ,  they  are presumed to have been between 20 and 30°C,  
cor re s pond i ng  t o  "opt imal1 c u l t u r e  t empe r a t u r e s  (Nimmo e t  a l . ,
1977) .  Re c e nt l y ,  McKenney ( 1987)  has r e p o r t e d  t he  e f f e c t s  o f  
s a l i n i t y  (3 t o  3 1 ° / o o )  and temperature  (18 t o  32°C) on s u r v i v a l  and 
t ime t o  r e pr o duc t i v e  m a t u r i ty  f or  neonat es  a c c l i m a t e d  at  h o u r l y  
i n t e r v a l s  in 3 ~ 4 ° / o o  s t e p s  t o  t e s t  s a l i n i t i e s .  There have been no 
s t u d i e s  to d a t e  concern i ng  t he  e f f e c t s  o f  a c c l i m a t i o n  on a c u t e  
s a l i n i t y  t o l e r a n c e .  A d d i t i o n a l l y ,  a l t hough  tne  s tudy  o f  McKenney 
o f f e r s  useful  i n format i on  on the  t o l e r a n c e  o f  n e o n a t e s ,  da t a  f o r  
the  age c l a s s  most f r e q u e n t l y  employed in t o x i c i t y  t e s t i n g  ( i . e .  6-  
7 d o l d )  i s  l a c k i n g .
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Ac c 1 imat fon i s  an important  f a c t o r  in d e t e r m i n i n g  s a l i n i t y  
t o l e r a n c e ,  though few s t u d i e s  have addressed  t h i s  i s s ue*  For 
example ,  s a l i n i t i e s  n a t u r a l l y  i n h a b i t e d  by the mysid Meomvsis  
i ntermedja  C z e r n i av s k y  a r e  lower than i n d i c a t e d  from l a b o r a t o r y  
s a l i n i t y  t o l e r a n c e  t e s t s  which may be e x p l a i n e d  by a c c l i m a t i z a t i o n  
o f  f i e l d  p o p u l a t i o n s  (Murano,  1 9 6 6 ) .  A c c l i m a t i o n  o f  mysid embryos  
i n  marsupiurn s i g n i f i c a n t l y  a f f e c t s  opt imal  h a t c h i n g  s a l i n i t y  
{Vlasbtom and E l g e r s h u i z e n ,  1977} and a c u t e  s a l i n i t y  t o l e r a n c e  o f  
j u v e n i l e s  (Pezzack and Corey,  1 9 0 2 ) .  S t e p w i s e ,  v e r s o s  d i r e c t ,  
t r a n s f e r  o f  adul t  mys i ds  t o  t e s t  s a l i n i t i e s  has  a l s o  been shown to  
i n c r e a s e  s a l i n i t y  t o l e r a n c e  ( B h a t t a c h a r y a , 1902; Lucu, 1977) .
Temperature and l i g h t  are probabl y  t h e  most  i n f l u e n t i a l  
e x t e r n a l  f a c t o r s  a f f e c t i n g  m o l t i n g  in c r u s t a c e a n s  a l t h o u g h  l i t t l e  
work has been r e p o r t e d  on t h e  e f f e c t s  o f  o t h e r  e n v i r o n me n t a l  
f a c t o r s  on e c d y s i s  { S k i n n e r ,  1983) .  Al though c a l c i u m  i s  pr obabl y  
we l l  r e g u l a t e d  a t  t he  c o n c e n t r a t i o n s  normal l y  e n c o u n t e r e d  i n  t he  
e s t u a r i n e  env i ronment  ( e . g .  Greenaway,  1976;  Wri ght ,  1979)  and 
would t hus  not  be e x p e c t e d  t o  be l i m i t i n g  t o  e c d y s i s ,  s a l i n i t y  
a f f e c t s  many o t h e r  p h y s i o l o g i c a l  p r o c e s s e s  such as  r e s p i r a t i o n ,  
o s mo t i c  and i o n i c  r e g u l a t i o n ,  e t c .  and may t h e r e f o r e  e x e r t  an 
i n d i r e c t  e f f e c t  on r e g u l a t i o n  o f  mol t  f r e q u e n c y .
This  s tudy  was performed t o  examine t he  e f f e c t  o f  a c c l i m a t i o n  
( i . e .  c u l t u r e )  s a l i n i t y  on s a l i n i t y  t o l e r a n c e  o f  bahj_a and in 
turn d e f i n e  a c c l i m a t i o n  reg imes  and s a l i n i t y  l e v e l s  f or  s u b s e q u e n t  
e x p e r i m e n t s .  Fu r t h e r ,  compari son w i t h  r e p o r t e d  t o l e r a n c e  l i m i t s  o f  
o t he r  mysid s p e c i e s ,  which may be as  s e n s i t i v e  t o  t o x i c a n t s  as  
bahia ( G e n t i l e  e t  a_L.  1982;  Rober t s  e t  a ] : , 1 9 8 2 ) ,  s e r v e d  to
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d e t e r m i n e  wh et he r  t h i s  can be c o n s i d e r e d  an a p p r o p r i a t e  e s t u a r i n e  
b i o a s s a y  or gani s m f o r  us e  in t e s t s  performed o v e r  a wi de  r a n g e  o f  
s a l i n i t i e s .  The e f f e c t  o f  s a l i n i t y  on molt  r a t e  was s t u d i e d  1) to  
d e t e r m i n e  wh e t h e r  t h e  i n t e r m o l t  pe r i od  was o f  s u f f i c i e n t  d u r a t i o n  
t o  a l l o w  f o r  t h e  u s e  o f  e n t i r e l y  i n t e r m o l t  a n i m a l s  in t o x i c i t y  
e x p e r i m e n t s  and 2)  t o  a i d  i n t e r p r e t a t i o n  o f  s u b s e q u e n t  e x p e r i m e n t s  
in which a s a l i n i t y  e f f e c t  on me t a l  t o x i c i t y  c o u l d  r e s u l t  
i n d i r e c t l y  from m o l t - r e l a t e d  s e n s i t i v i t y  ( e . g .  Lake e t  a h ,  1979;  
P r i c e  and t lg low,  1979;  Wr i ght ,  1980;  Wright and F r a i n ,  1 9 8 1 a ] .
M a t e r i a l s  and Methods
Exp e r i m e n t a l  a n i ma l s
Mys i ds  used in a l l  e x p e r i m e n t s  o r i g i n a t e d  from c u l t u r e s  
m a i n t a i n e d  a t  t h e  V i r g i n i a  I n s t i t u t e  o f  Marine S c i e n c e  s i n c e  1979.  
Mysids  were  c u l t u r e d  i n  37 L g l a s s  aquaria  e q u i p p e d  w i t h  
u n d e r g r a v e l  f i l t e r s  and a s u b s t r a t e  o f  c r us he d  o y s t e r  s h e l l .  
F i l t e r e d  (1 urn) w a t e r  from t h e  York Ri ve r ,  G l o u c e s t e r  P o i n t ,  Vfl o r  
Fi nne y  Cr e e k ,  Wachapr e ague , VA was a d j u s t e d  t o  t he  d e s i r e d  c u l t u r e  
s a l i n i t y  ( 2 0 + 2 ° / o o )  w i t h  d e i o n i z e d  wat e r ,  A t e m p e r a t u r e  o f  Z5-30°C  
and a l i g h t : d a r k  c y c l e  o f  1 4 : 1 0  were  ma i n t a i n e d  in t h e  c u l t u r e  room 
at a l l  t i m e s .  My s i d s  were  f e d  < 24 h o l d  A r t e mi a  s a l i n a  n a u p l i i  ad 
1 i bi turn d a i l y .
Un i f o r m- a g e d  m y s i d s  were  h a r v e s t e d  f or  u s e  in a l l  e x p e r i m e n t s  
u s i n g  t he  method o f  B r e t e l e r  e t  a_K ( 1 9 8 2 ] .  B r i e f l y ,  b a s k e t s  
c o n s t r u c t e d  o f  f i b e r g l a s s  s c r e e n  ( 1 . 5  mm s quar e  mesh] were  immersed  
in 37 L g l a s s  a q u a r i a  c o n t a i n i n g  l-um f i l t e r e d  Wachapreague w a t e r  
a d j u s t e d  t o  t he  c u l t u r e  s a l i n i t y .  Several  hundred mys i ds  were
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p l ac e d  in each baske t  f o r  24 h, Artemi  a n a u p l i i  (< 24 h o l d ,  c a . 
0 . 5 - 1  n a u p l i i / m l )  and Brachionus  p i i c a t i 1 i s  Mul l er  c a . 1 0 / m l ) were  
added t o  each tank* R o t i f e r s  were added p r i m a r i l y  as  food f o r  
j u v e n i l e s ,  s i n c e  t h e i r  smal l  s i z e  makes them a s u p e r i o r  food f o r  
j u v e n i l e  mys i ds  ( unpubl i s hed  d a t a ) .  A f t e r  24 h t h e  b a s k e t s  were  
removed and appr o x i ma t e l y  200 j u v e n i l e s  were n e t t e d  from e ach  t ank .  
J u v e n i l e s  were mai nt a i ne d  f or  one week in 8 L g l a s s  j a r s  f i l l e d  
wi t h  f i l t e r e d  wa t e r  o f  a p p r o p r i a t e  s a l i n i t y  and fed a m i x t u r e  o f  B.  
p i i c a t i 1 i $ ( c a ■ 10 / ml / day)  and A.. s a l i n a  n a u p l i i  cjm 1 / m l / d a y ) ,  
Uneaten f ood,  d e b r i s ,  and dead mysids  ( few)  were  removed d a i l y  by 
s i phon.  P a r t i a l  water changes  (20%) were performed d a i l y .  
Temperature,  s a l i n i t y ,  pH and d i s s o l v e d  oxygen were moni t ored  
d a i l y .  Temperature was g r a d u a l l y  reduced ( l ° C / d a y )  t o  b r i ng  mys i ds  
from h a r v e s t  t emperature  (25°C)  to t e s t  t empe r a t ure  ( 2 2 ° C) .
Al l  e x p e r i m e n t s  were performed in i n c u b a t o r s  m a i n t a i n e d  a t  a 
t emperature  o f  22°C and a 1 i g h t : d a r k  c y c l e  o f  14:10 .  I nc uba t o r  
i l l u m i n a t i o n ,  measured wi t h  a Lycor LI-188 quantum phot omet e r  
(1 s e c  i n t e g r a t i o n  t i m e ) ,  d i f f e r e d  by no more than %% be tween  
i n c u b a t o r s  a t  t h e  beg i nni ng  and end o f  the e x p e r i m e n t s ,  f i l t e r e d  
(1 urn) Wachapreague wat er ,  d i l u t e d  or  c o n c e n t r a t e d  (by  f r e e z i n g ) ,  
was used f or  a l l  t r e a t me n t s .
Acute  t o l e r a n c e
Cu l t u r e s  were  e s t a b l i s h e d  at  t he  a c c l i m a t i o n  s a l i n i t i e s  a 
minimum o f  f o u r  weeks p r i o r  t o  t h e  b e g i n n i n g  o f  e x p e r i m e n t s  and 
s a l i n i t y  was moni t or e d  and adj us t e d  (by a d d i t i o n  o f  d e i o n i z e d  or  
Finney Creek wa t e r )  as needed.  Cu l t ur e  s a l i n i t i e s  were
1 0 . 7 ± 0 . 6 ° / o o , 2 0 . 4 + 0 , 70/ 00 and 3 0 . 9 + 1 . 2u/ o o  .
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Test  s a l i n i t i e s  ranged from 2 ° / o o  t o  5 0 ° / o o in G / d o  i n c r e ­
m e n t s .  Finney Creek wat e r  was used f o r  a l l  t e s t s ;  s a l i n i t y  was 
a d j u s t e d  by a d d i t i o n  o f  d e i o n i z e d  wat e r  or  b r i n e  ( prepared by 
p a r t i a l  f r e e z i n g  o f  Fi nney  Creek w a t e r ) .  Mysids were a l s o  e xpos e d  
t o  c h a r c o a l - f i 1 t e r e d  G l o u c e s t e r  Po i n t  tap wa t e r ,  a wat e r  o f  
i n t e r m e d i a t e  ha r d n e s s .  The day p r i o r  t o  i n t r o d u c t i o n  o f  m y s i d s ,  20 
cm g l a s s  f i n g e r  bowls  were f i l l e d  w i t h  1 L o f  t e s t  wat e r  and 
a l l o w e d  t o  e q u i l i b r a t e  t o  i nc ubat or  t e m p e r a t u r e .  Bowls were  
c o v e r e d  t o  r e duc e  e v a p o r a t i v e  water  l o s s e s .  Two r e p l i c a t e s ,  
c o n t a i n i n g  10 mys i ds  e a c h ,  were prepared f or  each a c c l i m a t i o n  
s a l i n i t y - t e s t  s a l i n i t y  c ombi na t i on .
M o r t a l i t y  was moni t ored  at  1, 2,  4 ,  fl, 12,  24 ,  48 ,  72,  96,  
120,  and 144 h.  Dead mys i ds  and e x u v i a e  were  removed when o b s e r v e d  
and une a t e n  f ood removed by s iphon d a i l y .  P a r t i a l  (25%) wat er  
c h a n g e s  were performed e v e r y  48 h.  S a l i n i t y ,  pH, d i s s o l v e d  oxygen  
and t emp e r a t u r e  were moni t ored  d a i l y  in one randomly s e l e c t e d  
r e p l i c a t e  o f  each t r e a t m e n t .  Mysids were fed A_^  sa l  ina n a u p l i i  a t  
a r a t e  o f  3 0 0 / b o w l / d a y .
E f f e c t s  or} i n t e r mol t  dur at  ion
Mys i ds ,  h a r v e s t e d  from 2 0 ° / o o  c u l t u r e  t a n k s ,  were d i v i d e d  i n t o  
two 8'L grow- out  j a r s  and the  s a l i n i t y  o f  wa t e r  in each j a r  was 
s l o w l y  a d j u s t e d  ( 3 ° / o o / d a y  maximum change )  t o  t e s t  s a l i n i t i e s  o f  11 
and 3 2 ° / o o ;  mysids  were then he l d  f or  t h r e e  days a t  t he  t e s t  
s a l i n i t y  p r i o r  t o  i n i t i a t i o n  o f  e x p e r i m e n t s .  Grow-out c o n d i t i o n s  
were  o t h e r w i s e  t h e  same as  d e s c r i b e d  f o r  t h e  a c ut e  t o l e r a n c e  t e s t .  
T e s t s  were  i n i t i a t e d  by the  a d d i t i o n  o f  mysi ds  t o  10 cm 
d i a m e t e r  c u l t u r e  bowls  each c o n t a i n i n g  100 ml o f  1-um f i l t e r e d
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Fi nne y  Creek wa t e r  a d j u s t e d  { wi th  d e i o n i z e d  wa t e r )  t o  11 and 3 2 ° / o o  
s a l i n i t y .  F i f t e e n  r e p l i c a t e s  (1 mys i d / bowl )  were p r e p a r e d  f o r  each  
t e s t  s a l i n i t y .  Water changes  were performed e v e r y  48  h and e a c h  
mysi d was fed c a . 50 n a u p l i i  d a i l y .  Bowls were  c he c ke d  d a i l y  f o r  
20 d f o r  m o r t a l i t y  and e x u v i a e ;  molt  c a s t s  were  removed when 
p r e s e n t .  Pr e l i mi nar y  o b s e r v a t i o n s  i n d i c a t e d  t h a t  a l t h o u g h  m y s i ds  
a t t e m p t  to eat  e x u v i a e ,  t hey  are  not  consumed w i t h i n  a t  l e a s t  14 h 
a f t e r  mol t ing  and d a i l y  o b s e r v a t i o n s  o f  i n d i v i d u a l  a n i m a l s  were  
t h e r e f o r e  deemed adequate .  S a l i n i t y ,  pH, t empe r a t u r e  and d i s s o l v e d  
o x y g e n  were measured d a i l y  in 5 randomly s e l e c t e d  r e p l i c a t e s  from 
e a c h  o f  the two t r e a t m e n t s .
Data from both e x pe r i ment s  were a n a l y z e d  u s i n g  t h e  SPSS (Ni e  
e t  al  . ,  1975) s o f t w a r e  package .  The SURFACE 11 program {Sampson,
1978)  was used t o  g e n e r a t e  r e s pons e  s u r f a c e s  o f  a c u t e  m o r t a l i t y  
d a t a .  A BASIC program which us e s  s e v e r a l  methods t o  d e r i v e  t h e  
l e t h a l  c o n c e n t r a t i o n  f o r  50% o f  the p o p u l a t i o n  ( St e ph a n ,  1977)  was 
u s e d  t o  c a l c u l a t e  t h e  50% t o l e r a n c e  l i m i t  (TLj q ) to  s a l i n i t y .  
M o r t a l i t y  data were  t ransformed us ing t he  a r c s i n e  o f  t h e  s q u a r e  
r o o t  p r i o r  to  m u l t i p l e  r e g r e s s i o n  a n a l y s i s .  Un l e s s  o t h e r w i s e  
i n d i c a t e d ,  a l l  d a t a  were t e s t e d  at  the 0 . 0 1  s i g n i f i c a n c e  l e v e l .
R e s u l t s
Di s s o l v e d  oxygen c o n c e n t r a t i o n s  and pH v a r i e d  n a t u r a l l y  as  a 
f u n c t i o n  of  t e s t  s a l i n i t y  but d i d  not d i f f e r  s i g n i f i c a n t l y  among 
r e p l i c a t e s  (both e xpe r i me n t s )  or  a c c l i m a t i o n  groups  ( a c u t e  
t o l e r a n c e  t e s t )  d u r i n g  the c o u r s e  o f  t he  e x p e r i m e n t s .  Mean 
t empe r a t u r e s  ( iSD)  were 2 2 . 1 ( ± 0 . ? J  °C ( a c u t e  t o l e r a n c e  t e s t )  and
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2 1 . 8  ( + 0 . 3 )  °C (mol t  e xpe r i ment )  and v ar i e d  i n s i g n i f i c a n t l y  among 
a l l  t r e a t m e n t s .  pH v a l u e s  ranged from 7 . 4 0  t o  8 . 2 5  in t h e  t o l e r a n c e  
t e s t  and from 7 . 52  t o  8 . 0 4  in the  molt  t e s t .  D i s s o l v e d  oxygen  
c o n c e n t r a t i o n s  were > 635; s a t u r a t i o n  in both e x p e r i m e n t s ,
S a l i n i t i e s  were  mai nt a i ne d  w i t h i n  l ° / ° °  ° f  t h e i r  nominal  v a l u e s ,  
d e v i a t i o n s  b e i n g  m o s t l y  p o s i t i v e  due t o  e v a p o r a t i o n .
Acut e  T o l e r a nc e
Except  f or  mys i ds  exposed t o  f r e s h w a t e r ,  in which 100% 
m o r t a l i t y  r e s u l t e d  in l e s s  than 30 min,  m o r t a l i t y  o c c u r r e d  most  
r a p i d l y  a t  h i g h  s a l i n i t i e s .  The 1 0 ° / o o  and 2 0 ° / o o  a c c l i m a t e d  
groups  e x p e r i e n c e d  > 90% m o r t a l i t y  a f t e r  4 h e x p o s ur e  a t  3 8 ° / o o  and 
4 4 ° / o o  r e s p e c t i v e l y ,  Only a f t e r  an 8-h e x p o s u r e  was a p p r e c i a b l e  
m o r t a l i t y  o b s e r v e d  in the  low s a l i n i t y  t r e a t m e n t s .  M o r t a l i t y  n e v e r  
r e ac h e d  100% in t he  2 ° / o o  t r e a t m e n t s  even a f t e r  a ] 4 4 - h  e x p o s u r e .  
M o r t a l i t y  r a t e s  were r e l a t i v e l y  a s y m p t o t i c  a f t e r  a 96- h  e x p o s ur e  
and t h e  e x p e r i me n t  was thus  ended a t  144 h.
The e f f e c t  o f  a c c l i m a t i o n  i s  r e a d i l y  s een  in t h e  d i f f e r e n c e  
in TL^q among a c c l i m a t i o n  groups  ( Tabl e  1 ) ,  The spans  between  
upper  and l ower  are l a r g e ,  rang i ng  from about  27 t o  3 4 ° / o o .
Comparison o f  t he  spans  f or  each a c c l i m a t i o n  s a l i n i t y  s u g g e s t  an 
i n c r e a s e  in range o f  s a l i n i t y  t o l e r a n c e  w i t h  i n c r e a s e d  a c c l i m a t i o n  
s a l i n i t y .  Thi s  r e l a t i o n s h i p  i s  i l l u s t r a t e d  in t h e  n o n p a r a l l e l  
n a t u r e  o f  t h e  upper and lower TL50 over  t he  range o f  a c c l i m a t i o n  
s a l i n i t i e s  ( f i g u r e  1) .
S t e p - w i s e  m u l t i p l e  r e g r e s s i o n  o f  t h e  144-h m o r t a l i t y  d a t a  
produced a s e c o n d - o r d e r  po l ynomia l  e x p r e s s i o n :  
y = 0 . 9 0 1 5 9  + G.02086S - 0 . 07972St + 0 . 0 0 2 2 7 S t ? - Q.OQ122Sa St
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where y = e s t i m a t e d  a r c s i n e  p r o p o r t i o n  m o r t a l i t y ,  $ = acc l i mat ion
s a l i n i t y ,  and S ^ t e s t  s a l i n i t y .  The i n t e r a c t i v e  term (S^S^)
c o n t r i b u t e d  more t o  the  p r e d i c t i v e  a b i l i t y  o f  the  model than did
the l i n e a r  e f f e c t  o f  a c c l i m a t i o n  s a l i n i t y  ( S a ) ,  though t e s t
2
s a l i n i t y  (S^ and $ t ) was the most  p r e d i c t i v e  component (Table 2) .
2
The q u a d r a t i c  e f f e c t  o f  a c c l i m a t i o n  s a l i n i t y ,  , did not
□
c o n t r i b u t e  s i g n i f i c a n t l y  to the  model and was not  i nc luded.  
A n a l y s i s  o f  r e s i d u a l s  i n d i c a t e d  t h a t  the assumptions  o f  regres s i on  
had been met and t h a t  t h e  model was t h e r e f o r e  a p p r o p r i a t e .
A r e s p o n s e  s u r f a c e  o f  p r e d i c t e d  s ur v i v a l  was c ons t r uc t e d  as a 
v i s u a l  a i d  in i n t e r p r e t a t i o n  o f  t h e  data u s i ng  t h e  above polynomial  
and s a l i n i t i e s  enc ompass i ng  the  range  o f  the  exper iment  (Figure 2) .  
Exami nat i on  o f  t h e  r e s p o n s e  s u r f a c e  i n d i c a t e s  t h a t  the  i n t e r a c t i o n  
e f f e c t  ( S aSj.} appears  most  pronounced at  t e s t  s a l i n i t i e s  l e s s  than 
c a . 7 ° / o o  and g r e a t e r  than ca^ 3 0 ° / o o .  The i n t e r a c t i v e  e f f e c t  is  
p a r t i c u l a r l y  g r e a t  in t h e  low t e s t  s a l i n i t i e s  as  i nd i c a t e d  by the  
l a r g e  change  in s l o p e  from low t o  high a c c l i m a t i o n  s a l i n i t i e s .  
In t e r m o l t  Durat i on
D a i l y  p e r c e n t  m o l t s  were s i g n i f i c a n t l y  h i ghe r  (Chi -square)  in 
mysi ds  e xpos e d  t o  3 2 ° / o o  compared t o  t hos e  exposed to l l ° / o o .  
I n t e r mo l t  d u r a t i o n  was about  23% s h o r t e r  in t he  high s a l i n i t y  
an i mal s  ( 5 . 4  d) than in t h e  low s a l i n i t y  animal s  ( 6 . 7  d ) .  This  
trend was c o n s i s t e n t  throughout  t he  exper imental  period (Table 3) .
Pi s c u s s  ion
These  dat a  f or  baftj_a i n d i c a t e  i t  i s  a e u r y h a l i n e  s p e c i e s .  
Nimrno et  a_L (1978b)  r e p o r t e d  hahia  to t o l e r a t e  s a l i n i t i e s  as
TABLE ] ,  Upper and l ower  s a l i n i t y  t o l e r a n c e s  ( i L c ^ s )  a f t e r  144 h e x p o s u r e .  
C o n f i d e n c e  l i m i t s  (95%) i n d i c a t e d  in p a r e n t h e s e s .
A c c l i m a t i o n  l o we r  Upper Span
s a l i n i t y  ( / o o )  TL5 0 ( / o o )  Tl_5 0 ( / o o )  (Upper TL5 0 -t nwerTL
10 4 . 9  ( 3 . 6 - 6 . 0 )  32.1 ( 3 0 . 6 - 3 3 . 9 )  2 7 . 2
20 5 . 0  ( 4 . 6 - 7 . 0 )  37.1 ( 3 5 . 6 - 3 8 . 8 )  3 1 . 3
30 9 . 1  ( 6 . 5 - 1 1 . 1 )  4 3 , 7  ( 4 2 . 3 - 4 5 . 4 )  3 4 . 6
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FIGURE 1.  E f f e c t  o f  a c c l i m a t i o n  s a l i n i t y  on upper  and l owe r  TL^q 
a f t e r  \AA h e x p o s u r e .
1 6 .
(°% ) 0 5 “11
TABLF I .  R e s u l t s  o f  s t e p - w i s e  m u l t i p l e  r e g r e s s i o n  on 144 h m o r t a l i t y  in 
r e l a t i o n  t o  t e s t  and a c c l i m a t i o n  s a l i n i t i e s .
St ep V a r i a b l e  R H^rea 
e n t e r e d  y
1 ST 0 . 3 6 5 8 3 , 1 7 9 U )
2 ST 0 , 84 3 0
C-JCO ( 2)
3 STSA 0 . 87 4 7 6 . 0 5 9 (3)
4 SA 0 , 8 8 8 7 4 . 6 9 0  (4)
MSr e s i d ^ d f > F Sit) i
0 . 3 5 4 8  (52) 8 . 9 5 9 0 . 0 0 4
0 . 1 2 0 6  (51) 70.001 0 . 0 0 0
0 . 0 9 9 7  (50) 6 0 . 79 7 0 . 0 0 0
0 . 0 9 0 8  (49} 5 1 . 6 3 3 0 . 0 0 0
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FIGURE 2.  F i t t e d  r e s p o n s e  s u r f a c e  o f  e s t i m a t e d  p e r c e n t  s u r v i v a l  as  a 
f u n c t i o n  o f  a c c l i m a t i o n  and e xpos ur e  s a l i n i t y  f o l l o w i n g  144 h e x p o s u r e .
I Q .
i w f A y n s  %
TABLE 3- Comparison o f  i n t e r m o l t  d u r a t i o n  a t  11 / o o  and 32 / o o
s a l i n i t y .  Age c l a s s e s  in a r b i t r a r y  four  day i n c r e m e n t s .  
I n t e r mo l t  per i od  c a l c u l a t e d  as  r e c i p r o c a l  mean m o l t s  per  
mysid da y .
A r b i t r a r y  S a l i n i t y  ( O/O0)
Age Cl a s s  (days) 11 32
B - l l 5 . 7 1 4 . 2 2
12-15 6 . 6 7 6 . 0 0
1 6 1 9 4 . 8 3 4 . 3 7
2 0 - 2 3 7 . 2 0 6 . 0 0
2 4 - 27 9 . 01 6 . 6 0
^G.
low a s  2 - 3 ° / o o  f o r  up t o  72 h,  a l t hough  the  p r e s e n t  s tudy  found 
t h i s  s p e c i e s  a b l e  t o  t o l e r a t e  such s a l i n i t i e s  f o r  a t  l e a s t  144 h.  
The d i s c r e p a n c y  c o u l d  be due t o  t emperature  or s e a s o n a l  e f f e c t s  
{ Simmons and K n i g h t ,  1975; Vlasblom and E l g e r s h u i z e n ,  1977;  Pezzack  
and Corey,  1982J or  g e n e t i c  d i f f e r e n c e s  in t he  p o p u l a t i o n s  o f  
mys i ds  employed.
R e c e n t l y  McKenney ( 1987)  has examined s u r v i v a l  and t ime  
r e q u i r e d  f o r  r e p r o d u c t i v e  mat ur at i on  o f  fV bahfa a t  s a l i n i t i e s  from 
3 t o  3 1 ° / o o  and t e m p e r a t u r e s  from 18 t o  3?°C,  Ne o na t e s  a c c l i m a t e d  
a t  h o u r l y  i n t e r v a l s  i n  3 - 4 ° / o o  s t e p s  t o  t e s t  s a l i n i t i e s  e x h i b i t e d  
upper  and l owe r  7-d  Tt^gS a t  22°C ( o b t a i n e d  by g r a p h i c a l  
i n t e r p o l a t  ion o f  r e s p o n s e  s u r f a c e s )  o f  32  and 8 ° / o o ,  r e s p e c t i v e l y ; 
o f  t h o s e  r e ma i n i n g  i n  t he  second week,  80X s u r v i v a l  oc c ur r e d  at  
22°C between 5 and 3 0 ° / o o  s a l i n i t y .  Upper and l o w e r  TL^gS o b t a i n e d  
by McKenney f o r  1 t o  7-d  o l d  ani mal s  compare we l l  w i t h  t h o s e  o f  the  
p r e s e n t  s tu d y  f o r  7 t o  13-d o l d  a n i ma l s ,  a l t hough d i f f e r e n c e s  in 
t r a n s f e r  ( d i r e c t  in t he  p r e s e n t  s tudy and over  a 5 t o  7 h p e r i o d  in 
t h e  s tu d y  o f  McKenney) cannot  be d i s c o u n t e d .  McKenney found 
opt i ma l  c o n d i t i o n s  f o r  s u r v i v a l  over  t he  28-d p e r i o d  o f  h i s  s t udy  
t o  be 2 0 ° / o o  and 23°C w h i l e  r e p r o d u c t i v e  m a t u r a t i o n  oc c ur r e d  most  
r a p i d l y  at  1 8 ° / o o  and 29°C.  Optimal  c u l t u r e  c o n d i t i o n s  might  then  
be o b t a i n e d  a t  a t e m p e r a t u r e - s a l i n i t y  c ombi nat i on  i n t e r m e d i a t e  t o  
t he  two opt i ma .  The t o l e r a n c e  range  o f  M_^  ba h ia compares
w e l l  w i t h  t h o s e  o f  o t h e r  mysid s p e c i e s .  McLusky and Heard ( 1971)  
r e p o r t e d  a t o l e r a n c e  range  o f  2 - 3 3 ° / o o  a t  5°C f o r  Fraunus f l e xuos us  
M u l l e r ,  though t h e i r  c r i t e r i a  f or  t o l e r a n c e  were u n c l e a r  and 
a c c l i m a t i o n  ( i . e .  c o l l e c t i o n )  s a l i n i t y  was not  i n d i c a t e d .  P^ .
2 1 .
f l e x u o s u s  c o l l e c t e d  at  2 9 ° / o o  e x h i b i t e d  a l o w e r  TL^g o f  
appr ox i mat e l y  5 ° / o o  at  5°C and s a l i n i t i e s  as  h i gh  as 3 6 ° / ° o  caused  
l i t t l e  m o r t a l i t y .  At h i g h e r  t e m p e r a t u r e s  ( 1 0  t o  20 °C) s u r v i v a l  
was de pres sed  ( <50£)  at  a l l  s a l i n i t i e s  and l i m i t e d  t o  a r e l a t i v e l y  
narrow range ( Vl asb l om and E l g e r s h u i z e n ,  1 9 7 7 ) .  The A s i a n  mysid  
Mesopodops i s  o r i e n t a l i s  T a t t e r s a l l  t o l e r a t e d  a range  o f  about  3 to  
3 1 ° / o o  when e x po s e d  a t  t e m p e r a t u r e s  from 20 t o  30°C ( G h a t t a c h a r y a ,  
1982} .  The mysid Lec t omvs i s  me d i t e ranne a  Sar s  t o l e r a t e d  s a l i n i t i e s  
o n l y  as low as 2 0 ° / ° °  ( T L ) a t  10°C (Lucu,  1 9 7 7 ) .
Members o f  t he  genus  Neomvsi s  have been found t o  be q u i t e  
s a l i n i t y  t o l e r a n t .  Neomvsi s  1n t e o e r  ( Le a c h ) ,  a c c l i m a t e d  a t  7 and 
2 3 ° / o o ,  had a l o we r  TL^g o f  < 5 ° / o o  when e x p o s e d  at  5,  10 and 15°C;  
though a c c l i m a t e d  t o  t he  t e s t  t e m p e r a t u r e s ,  e x p o s u r e  a t  20°C 
g r e a t l y  d i mi n i s h e d  s a l i n i t y  t o l e r a n c e .  Upper t o l e r a n c e  l i m i t s  
v a r i e d  from < 26 t o  3 4 ° / o o ,  de pe nd i ng  on t he  t e m p e r a t u r e  and 
a c c l i m a t i o n  s a l i n i t y  ( Vl asb l om and E l g e r s h u i z e n ,  1 9 7 7 ) .  Meomvsis  
americana Smith j u v e n i l e s ,  a c c l i m a t e d  i s  marsupium t o  f o u r  
t e m p e r a t u r e - s a l  i n i t y  c o m b i n a t i o n s ,  had l ower  T L ^ s  r a n g i n g  from 1 
t o  8 ° / o o ;  no m o r t a l i t y  a s s o c i a t e d  wi t h  s a l i n i t y  o c c u r r e d  a t  t he  
h i g h e s t  s a l i n i t y  t e s t e d  ( 2 9 ° / o o ) and upper TL^gS were t h u s  not  
determi ned ( P e z z a c k  and Corey,  1982) .  Adul t  t L  a m e r i c a n a . 
a c c l i ma t e d  1n t h e  l a b o r a t o r y  t o  2 0 ° / o o ,  e x h i b i t e d  upper and l ower  
t o l e r a n c e  l i m i t s  o f  34 and 4° / o o  r e s p e c t i v e l y  ( M i l l e r ,  1 9 6 4 ) .
Though some d i f f e r e n c e  was o b s e r v e d  in t he  t i m e  c o u r s e  o f  m o r t a l i t y  
bet ween mysids  c o l l e c t e d  from h i g h  and low s a l i n i t y  e n v i r o n m e n t s ,  
i t  i s  not c l e a r  whet he r  t h e  d i f f e r e n c e  was s t a t i s t i c a l l y  
s i g n i f i c a n t .  The o n l y  s p e c i e s  de t ermi ned to  be as t o l e r a n t  o f
2 2 .
h y p e r h a l i n e  c o n d i t i o n s  as fl*. bahia  i s  t h e  mysid f i  i n t e r m e d i a , a 
marine r e l i c  i n h a b i t i n g  b r a c k i s h  and f r e s h w a t e r  l a k e s .  
i n t e r me d i  a can t o l e r a t e  s a l i n i t i e s  from 0 . 0 6  t o  4 5 ° / o o  (Murano,
1966) .
One e f f e c t  o f  a c c l i m a t i o n  t o  h i gh  s a l i n i t i e s  on s a l i n i t y  
t o l e r a n c e  o f  i L  bahia  was t o  broaden t he  t o l e r a n c e  range.
Neonws i s  i n t e g e r  a c c l i m a t e d  t o  7 and 2 3 ° / o o  showed a s i m i l a r  
r e s p o n s e  ( Vl asblom and E l g e r s h u i z e n ,  1977)  . Neomvsis  i n t e g e r  
a c c l i m a t e d  t o  7 ° / o o  s u f f e r e d  > 50% m o r t a l i t y  a t  s a l i n i t i e s  < 5 ° / o °  
and > 2 9 ° / o o  when t e s t e d  a t  5°C; mys i ds  a c c l i m a t e d  t o  2 3 d/ q o  
d i s p l a y e d  > 50% m o r t a l i t y  a t  s a l i n i t i e s  > 3 4 0/ ° Q  but  n e v e r  a t t a i n e d  
t h e s e  m o r t a l i t y  r a t e s  a t  s a l i n i t i e s  below l ° / o o *  When t e s t e d  at  
t e m p e r a t u r e s  l owe r  than the  a c c l i m a t i o n  t e m p e r a t u r e ,  t h e  l ower  
l e t h a l  s a l i n i t y  (TLgg) was l o w e s t  f o r  amer i cana  a c c l i m a t e d  to  
14^/ qo ,  b u t  t h a t  at  t e m p e r a t u r e s  e x c e e d i n g  t he  a c c l i m a t i o n  
t e m p e r a t u r e  lower  l e t h a l  s a l i n i t i e s  were l o w e s t  f o r  ani mal s  
a c c l i m a t e d  to 2 9 ° / o o  ( Pe zz ac k  and Corey,  1 982 ) .  Perhaps opt i mal  
t e m p e r a t u r e - s a l i n i t y  c o m b i n a t i o n s  a l l o w  f o r  g r e a t e r  p h y s i o l o g i c a l  
c a p a c i t y  t o  cope  wi t h  changes  in media s a l i n i t y .
In a d d i t i o n  t o  an e f f e c t  on t h e  range  o f  s a l i n i t y  t o l e r a n c e ,  
a c c l i m a t i o n  s a l i n i t y  c o r r e l a t e d  p o s i t i v e l y  w i t h  upper and l o we r  
t o l e r a n c e  l i m i t s  o f  f i  b a h i a . S i m i l a r l y  McKenney ( 1987)  r e c e n t l y  
found t h a t  s a l i n i t y  t o l e r a n c e  broadened d u r i ng  t he  c our s e  o f  h i s  28 
d t o l e r a n c e  e x p e r i me n t ,  though he i n t e r p r e t e d  t h i s  t o  be due t o  
d e v e l o p me n t  o f  o s mo r e g u l a t o r y  a b i l i t y  as  t h e  a n i ma l s  aged r a t h e r  
than t o  a c c l i m a t i o n  per  s e . S i m i l a r  e f f e c t s  o f  a c c l i m a t i o n  have  
been r e po r t e d  f o r  t he  r e s p o n s e  o f  fL i n t e g e r  embryos i n c u b a t e d  i n
23.
v i t r o  a t  v a r i o u s  s a l i n i t i e s .  Embryos o b t a i n e d  from the marsupia o f  
a n i ma l s  c o l l e c t e d  a t  2 3 ° / o o  r e q u i r e d  more t ime t o  deve lop and hai a 
h i g h e r  o p t i m a l  h a t c h i n g  s a l i n i t y  than di d  t h o s e  obt a ined from 
a n i m a l s  c o l l e c t e d  a t  7 ° / o o  { Vl a s b l o m and E l g e r s h u i z e n ,  1977) .  
A c c l i m a t i o n  o f  f i e l d  p o p u l a t i o n s  may e x p l a i n  t h e  c o l l e c t i o n  o f  f f  
i n t e r m e d i a  i n  l a k e s  w i t h  a s a l i n i t y  as low as 0 . 0 1 ° / o o  in c o n t r a s t  
t o  l a b o r a t o r y - d e r i v e d  l ower  t o l e r a n c e  l i m i t s  o f  0 . 0 6 ^ / 0 0  (Murano,  
1 9 6 6 ) .  S t e p w i s e  t r a n s f e r ,  r a t h e r  than d i r e c t ,  has  a l so  been shown 
t o  i n c r e a s e  t o l e r a n c e  l i m i t s  o f  mys i ds  (Lucu,  1977;  Bhat tacharya,  
1 9 8 2 ) .
S i n c e  s a l i n i t y  t o l e r a n c e  o f  organi sms  may be r e l a t e d  t o  
p h y s i o l o g i c a l  p r o c e s s e s  such as  r e s p i r a t o r y  r a t e  and osmoregula  
t i o n  ( Ki nne ,  1 9 7 1 ) ,  f a c t o r s  a f f e c t i n g  such p r o c e s s e s  may be 
e x p e c t e d  t o  m o d i f y  t h e  r e s p o n s e  t o  s a l i n i t y .  The oxygen c o n ­
s umpt i on  r a t e  o f  IL. i n t e r m e d i a , a c c l i m a t e d  to  s a l i n i t i e s  r a n g i n g  
from 0 t o  2 4 . 5 ° / o o  f o r  two d a y s ,  v a r i e d  as a f u n c t i o n  o f  s e a s o n ,  
t e m p e r a t u r e ,  s e x ,  a g e  and w e i g h t  (dry)  o f  t he  mys i ds  (Simmons and 
K n i g h t ,  1 9 7 5 ) .  Compari son o f  r e s p i r a t o r y  i n c r e a s e s  due to temp­
e r a t u r e  be t we e n  F\ f l e x u p s u s  and i n t e g e r  o v e r  a range o f  
s a l i n i t i e s  i s  r e f l e c t e d  in  t h e  s a l i n i t y  t o l e r a n c e  pat t erns  o f  these  
s p e c i e s  ( V l a s b l o m  and E l g e r s h u i z e n ,  1977) .  Osmoregulatory respons e  
s i m i l a r l y  r e f l e c t s  s a l i n i t y  t o l e r a n c e ,  Neomvs i s  i n t e g er ,  which has 
a l owe r  i s o o s m o t i c  p o i n t  and r e g u l a t e s  hemolymph osmot i c  
c o n c e n t r a t i o n  more c l o s e l y  than d o e s  f l e x u o s u s  ( 14 . 5  - 2 4 ° / o o  
v e r s u s  11 - 2 8 ° / o o  when e x po s e d  t o  2 to  3 3 ° / o o )  {McLusky and Heard,  
1 9 7 1 ) ,  t o l e r a t e s  a w i d e r  range  o f  s a l i n i t i e s  and i s  more t o l e r a n t  
o f  low s a l i n i t i e s  t han  i s  t he  l a t t e r  s p e c i e s  (Vlasblom and
2 4 .
E l g e r s h u i z e n ,  1 9 7 7 ) .  S i m i l a r l y ,  t h e  i n a b i l i t y  o f  L  m e d l t e r r a n e a  
t o  r e g u l a t e  hemolymph sodium and c h l o r i d e  at  2 4 ° / o o  i s  r e f l e c t e d  by 
high m o r t a l i t y  at  t h i s  s a l i n i t y  (Lucu,  1977) .  The r e l a t i v e l y  h i gh  
i s o s m o t l c  p o i n t  ( a p p r o x i m a t e l y  Z 4 ° / o o )  o f  £L_ bahi a  ( s e e  Ch apt e r  2)  
i s  r e f l e c t e d  in t h i s  s t u d y  by i t s  t o l e r a n c e  o f  h y p e r s a l i n e  
s a l  i n i  t i e s .
Use o f  bahi a  as  a "standard" e s t u a r i n e  b i o a s s a y  o r g a n i s m  
in such programs as  N a t i o n a l  P o l l u t a n t  Di s c h a r g e  E l i m i n a t i o n  Sys tem  
(NPDES) p e r m i t t i n g ,  as  w e l l  as i t s  u s e  in t he  p r e s e n t  s t u d y ,  i s  
j u s t i f i e d  by t h e  r e l a t i v e l y  broad s a l i n i t y  t o l e r a n c e  range  o f  t h i s  
s p e c i e s .  A c c l i m a t i o n  s a l i n i t y  e x e r t s  a small  (but  s i g n i f i c a n t )  
e f f e c t  on s a l i n i t y  t o l e r a n c e  range and an i n t e r m e d i a t e  c u l t u r e  
s a l i n i t y  o f  c a .  2 0 ° / o o  can thus be e x p e c t e d  to  p r o v i d e  f l e x i b i l i t y  
in terms o f  ade quat e  t o l e r a n c e  range  and the  a b i l i t y  t o  e xami ne  a 
range  o f  s a l i n i t i e s  n o r ma l l y  e n c o u n t e r e d  in an e s t u a r i n e  
e nv i r o n me nt  w h i l e  a l l o w i n g  f or  e s s e n t i a l l y  e q u i v a l e n t  s a l i n i t y  
c ha ng e s  be t we e n  c u l t u r e  s a l i n i t y  and upper and l ower  t e s t  
s a l i n i t i e s .
The d e c r e a s e  in i n t e r m o l t  p e r i o d  wi t h  i n c r e a s e d  s a l i n i t y  has  
not  been p r e v i o u s l y  r e p o r t e d  f o r  o t h e r  c r u s t a c e a n s .  This  e f f e c t  i s  
pr obab l y  n o t  due m e r e l y  t o  i n s u f f i c i e n t  c a l c i um in low s a l i n i t y  
wa t e r  as c r u s t a c e a n s  a r e  q u i t e  e f f i c i e n t  at  m a i n t a i n i n g  i n t e r n a l  
c a l c i u m  c o n c e n t r a t i o n s  e ve n  in low c a l c i u m  e n v i r o n me n t s  ( e . g .  
Greenaway,  1976;  Wri ght ,  1979)  and ambient  c a l c i u m  c o n c e n t r a t i o n s  
at  t he  "low" s a l i n i t y  o f  l l ° / ° o  would not  be e x p e c t e d  t o  be 
l i m i t i n g  t o  e c d y s i s .  Due to  t h e  r e l a t i v e l y  s h o r t  i n t e r m o l t  p e r i o d  
o f  5 , 4  t o  6 , 7  d i t  i s  no t  p r a c t i c a l  to  use  e n t i r e l y  i n t e r m o l t
2 5 .
ani mal s  in 96- h  t e s t s  employing l a r g e  numbers o f  a n i m a l s .  However,  
knowledge o f  t h e  e f f e c t  o f  s a l i n i t y  on molt  r a t e  a l l o w s  one to  
ac c ount  f o r  t h i s  f a c t o r  In i n t e r p r e t a t i o n  o f  r e s u l t s  r e g a r d i n g  i t s  
e f f e c t  on metal  t o x i c i t y .
OSMOREGULATION
I n t r o d uc t i o n
E u r y h a l i r e  c r u s t a c e a n s  are  g e n e r a l l y  c a p a b l e  o f  e i t h e r  hyper-  
h y poos mot i c  or  hyperosmot i c  r e g u l a t i o n ,  a l t h o u g h  s e v e r a l  e x c e p t i o n s  
( i . e .  osmoconformers)  e x i s t  ( G i l l e s  and P e q u e u x ,  1983;  Mantel  and 
Farmer,  1 9 0 3 ) .  R e l a t i v e l y  l i t t l e  i s  known about  t he  o s mo r e g u l a t o r y  
c a p a c i t y  o f  t he  Mysidacea ( perhaps  due to  t h e i r  u s u a l l y  smal l  
s i z e ) ,  but  a l l  mysids  s t u d i e d  to  dat e  appear  to  be c a p a b l e  o f  
h y p e r -  a n d / o r  h y po r e g u l a t i o n  o f  hemolymph o s m o l a l i t y  ( M i l l e r ,  1964;  
Mcluskey and Heard,  1971; Dormaar and Corey,  1973,  1 978 ;  Lucu,  
1 9 7 7 ) .  Al t hough an abundance o f  l e x i c o l o g i c a l  i n f o r m a t i o n  e x i s t s  
f o r  M v s i d o p s i s  b a h i a , l i t t l e  i s  known o f  i t s  b i o l o g y ,  and i t s  
o s m o r e g u l a t o r y  a b i l i t i e s  are unknown.
The us ua l  e f f e c t  o f  me t a l s  on o s mo r e g u l a t i on  in c r u s t a c e a n s  i s  
t o  re duc e  r e g u l a t o r y  a b i l i t y  ( Schmi dt - Ni e l  s e n ,  1974; B j e r r e g a a r d  
and V i s l i e ,  19B5a,  1986; McLusky and Hagerman,  1987) .  The e f f e c t s  
o f  cadmium, however,  appear to  be i n c o n s i s t e n t  with t h i s  
g e n e r a l i z a t i o n ;  cadmium has been repor ted t o  produce e i t h e r  no 
e f f e c t ,  d e c r e a s e s ,  or i n c r e a s e s  in hemolymph o s m o l a l i t y  in s e v e r a l  
s p e c i e s  o f  i s opods  and t he  g r e e n  crab,  C a r c i n u s  maenas ( L . )  
(Thurberg e t  aK. ,  1973;  J o n e s ,  1975; B j er r e g a a r d  and V i s l i e ,
1985b) .  Because  i t  might  be e x p e c t e d  t h a t  any e f f e c t s  o f  m e t a l s  on
26.
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os mor e gul a t or y  c a p a c i t y  would be most  dramat i c  at  t he  upper and 
l owe r  s a l i n i t y  extremes  at  which e f f e c t i v e  r e g u l a t i o n  o c c u r s ,  
j u d i c i o u s  s e l e c t i o n  o f  t e s t  s a l i n i t i e s  i s  n e c e s s a r y  t o  a d e q u a t e l y  
s tu d y  t h i s  problem.  In a d d i t i o n ,  i t  i s  important  t hat  t h e  ani mal s  
be o s m o t i c a l l y  acc l  itnated to the  medium, as i l l u s t r a t e d  by t he  
g e n e r a l  l a c k  o f  a cadmium e f f e c t  observed in a c c l i ma t e d  C_^  maenas  
in t h e  s tudy o f  Bj e r re gaar d  and V i s l i e  (1985b)  v e r s u s  t h e  s t r ong  
e f f e c t  observed in unacc l imated C_l maenas in the  s tudy  o f  Thurberg  
fii  i L  ( 1973 ) .
The pr e s ent  s tudy was conducted to d e t e r mi n e  t he  osmo­
r e g u l a t o r y  a b i l i t y  and t he  t ime c o u r s e  o f  adj us t me nt  in [ L  b a h 1 a so  
t h a t  appr opr i a t e  s a l i n i t y  l e v e l s  and a c c l i m a t i o n  reg i mes  c o u l d  be 
s e l e c t e d  f or  subsequent  e xpe r i ment s .  These r e s u l t s  were  a l s o  
compared t o  t hos e  r e p o r t e d  in the  l i t e r a t u r e  f or  o t h e r  m y s i d s .
Ma t e r i a l s  and Methods
Mysids were c u l t u r e d ,  harves ted  and grown out  u s i n g  t h e  
p r o c e d u r e s  d e s c r i b e d  e a r l i e r  f or  s a l i n i t y  t o l e r a n c e  s t u d i e s .  As in 
t h e  e a r l i e r  e x pe r i me n t s ,  a l l  t e s t  ani mal s  were  7 d o l d  and had been  
h e l d  a t  the  i n d i c a t e d  t emperature  and s a l i n i t y  f or  a t  l e a s t  96 h 
b e f o r e  us e  in t e s t s .
In the  f i r s t  exper iment  mysids  were t r a n s f e r r e d  d i r e c t l y  from 
a h o l d i n g  s a l i n i t y  o f  25c/ oo  t o  hypoosmot i c  ( 6 ° / o o )  and 
hype r os mot i c  ( 3 2 ° / o o )  media and then sampled (n -  4 - 5 )  a t  i n t e r v a l s  
from 0 to 24 h f or  d e t e r mi n a t i o n  o f  hemolymph o s m o l a l i t y .  An 
a c c l i m a t i o n  ( h o l d i n g )  s a l i n i t y  o f  2 5 ° / o o  was s e l e c t e d  f o r  t h i s  
e x p e r i m e n t  based on pr e l i mi nar y  dat a  i n d i c a t i n g  t h i s  t o  be t he
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i s o s m o t i c  p o i n t .  In the  s e c on d  expe r i ment  mys i ds  ma i n t a i ne d  at  
2 0 ° / o o  were a c c l i m a t e d  to  t e s t  s a l i n i t i e s  o f  5,  7, 12,  16 ,  24,  29,  
34,  and 3 7 ° / o o  f o r  48 h p r i o r  t o  s a c r i f i c e  f o r  hemolymph 
wi t h d r a w a l .  Two r e p l i c a t e s ,  c o n t a i n i n g  5 my s i ds  e a c h ,  were p r e ­
pared f o r  e a c h  t e s t  s a l i n i t y .  Mysids were  fed A^ . s a l  ina n a u p l i i  at  
a r a t e  o f  1 0 0 / b o w l / d a y .
In both e x p e r i m e n t s  a t empe r a t ure  o f  22°C and a l i g h t : d a r k  
c y c l e  o f  14 : 10  was m a i n t a i n e d .  On t he  day p r i o r  t o  i n t r o d u c t i o n  o f  
my s i ds ,  20 cm g l a s s  f i n g e r  bowls  were f i l l e d  w i t h  1 L o f  t e s t  wat e r  
and e q u i l i b r a t e d  t o  t e s t  t e m p e r a t u r e .  Bowls were  c o v e r e d  t o  re duc e  
e v a p o r a t i v e  w a t e r  l o s s e s .  S a l i n i t y  and t emp e r a t u r e  d u r i n g  both  
e xp e r i me n t s  were  m a i n t a i n e d  w i t h i n  l ° / o o  and 1°C o f  t he  nominal  
v a l u e s ,  r e s p e c t i v e l y .  D i s s o l v e d  oxygen c o n c e n t r a t i o n  v a r i e d  as  a 
f u n c t i o n  o f  t e s t  s a l i n i t y  but  was always  between 77 and 96*  
s a t u r a t i o n .  D i l u t i o n s  o f  h i gh  s a l i n i t y  wat e r  w i t h  d i s t i l l e d - 
d e i o n i z e d  wat e r  r e s u l t e d  in a pH range o f  7 . 1 0  t o  8 . 1 3 .
P r i o r  t o  s a mp l i n g ,  mys i ds  were r i n s e d  in d e i o n i z e d  w a t e r ,  
b l o t t e d  dry and c o v e r e d  wi t h  C a r g f l l e ’ s "A" immersion o i l  f s e ns u  
Fr i ck  and Saue r ,  1 9 7 3 ) .  Hemolymph samples  were  e x t r a c t e d  by 
p e r i c a r d i a l  p un c t ur e  u s i ng  a l k a l i - f r e e  c a p i l l a r y  t ube s  whi ch  had 
been drawn out  o v e r  a low f lame t o  produce  a f i n e  (<_ 0 . 1  mm) t i p .  
Samples were  f l a s h  f r o z e n  and s t o r e d  in l i q u i d  n i t r o g e n  u n t i l  
a n a l y s i s  ( se c o nd  e x p e r i m e n t )  o r  a n a l y s e d  i mme di a t e l y  ( f i r s t  e x p ­
e r i me n t )  f o r  f r e e z i n g  po i nt  d e p r e s s i o n ,  t  p r e l i m i n a r y  e x p e r i m e n t  
i n d i c a t e d  t h a t  f l a s h  f r e e z i n g  samples  d i d  not  s i g n i f i c a n t l y  a f f e c t  
hemolymph v a l u e s .  Hemolymph o s m o l a l i t y  was d e t e r mi n e d  w i t h  a 
C l i f t o n  T e c h n i c a l  P h y s i c s  d i r e c t - r e a d i n g  n a n o l i t e r  osmometer u s i n g
2 9 .
C a r g i l l e ' s  "B'1 immers ion o i l  as the sample  c a r r i e r .  Two s t a n d a r d s ,  
b r a c k e t i n g  e x p e c t e d  sample  v a l u e s ,  were i nc l uded  w i t h  each s e t  o f  
samples  on t he  f r e e z i n g  pl at f orm.  St andards  were prepared w i t h  
d e i o n i z e d - d i s t i l 1ed w a t e r  and reagent  g r a d e  sodium c h l o r i d e .
Data were  a n a l y z e d  g r a p h i c a l l y  and by a n a l y s i s  o f  v a r i a n c e  
(ANOVA) u s i n g  t h e  SPSS sof tware  package (Hul l  and N i e ,  1 9 8 3 ) .  
S t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  ( P< 0 . 05 )  between s p e c i f i c  
groups  were  I d e n t i f i e d  wi t h  Duncan's m u l t i p l e  range t e s t .
Re s u l t s
Hemolymph o s m o l a l i t y  var i e d  s i g n i f i c a n t l y  as a f u n c t i o n  o f  
t i me  p o s t - t r a n s f e r  i n t o  hypoosmotic or hype r os mot i c  media in the  
f i r s t  e x p e r i m e n t  (ANOVA, P < 0 , 0 0 0 1 ) .  T r a n s f e r  from 2 5 ° / ° °  t o  
3 2 ° / o o  r e s u l t e d  in an i n i t i a l  o v e r s h o o t  in hemolymph o s m o l a l i t y  30  
min a f t e r  t r a n s f e r ,  f o l l o w e d  by a s t a b l e  p e r i o d  from 95 min t o  24 h 
p o s t - t r a n s f e r  ( F i g .  3 ) .  Hemolymph o s m o l a l i t i e s  d i d  not  vary  
s i g n i f i c a n t l y  from each o t her  a f t e r  95 min,  i n d i c a t i n g  o s m o t i c  
a d j u s t me n t  was c o m p l e t e .  One day a f t e r  t r a n s f e r  t o  32 ° / o o  medium,  
t h e  mean (+ SO) mysid hemolymph c o n c e n t r a t i o n  o f  849  (± 1 8 . 9 )  mOsm 
was hypoos mot i c  t o  t he  medium (921 mOsm). Animals  t r a n s f e r e d  from 
2 5 ° / o o  t o  6 ° / o o  media s i m i l a r l y  a d j u s t e d  w i t h i n  95 min ( F i g .  3 ) .  
Al t hough a s l i g h t  (< b%) change ir> hemolymph c o n c e n t r a t i o n  was  
ob s e r v e d  bet ween 95 min and 24 h post  t r a n s f e r  ( F i g .  3 ) ,  t h e  
d i f f e r e n c e  was not  s i g n i f i c a n t  and the ani mal s  can t h e r e f o r e  be 
presumed t o  be a c c l i m a t e d  by 95 min.  The hemolymph o f  m y s i d s  ( 3 3 5  
i  2 0 . 3  mOsm) e xpos e d  t o  low s a l i n i t y  was hyperos mot i c  to  t h e  medium 
(15B mOsm) at  24 h p o s t - t r a n s f e r .
medi  a.
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In the  second e x p e r i me n t  hemolymph c o n c e n t r a t i o n s  d i d  not  
d i f f e r  s i g n i f i c a n t l y  among r e p l i c a t e s ;  r e p l i c a t e  t r e a t m e n t  groups  
were t h e r e f o r e  poo l e d  f o r  f u r t h e r  a n a l y s i s . Res pons e  o v e r  the  
range  o f  s a l i n i t i e s  was r e l a t i v e l y  uni form as i n d i c a t e d  by 
c o e f f i c i e n t s  o f  v a r i a t i o n  at  each s a l i n i t y  r a n g i n g  from 2 . 9  t o  
10.9%. Hemolymph o s m o l a l i t y  v a r i e d  s i g n i f i c a n t l y  (ANOVA P < 0 . 0 0 1 )  
as a f u n c t i o n  o f  medium o s m o l a l i t y .  Mean ( + SD) hemolymph 
o s m o l a l i t y  v a r i e d  from 271 {+ 7 . 9 )  t o  1059(+ 9 1 . 4 )  mOsm o v e r  a range  
of  media c o n c e n t r a t i o n s  from 151 t o  1055 mOsm { F i g .  4} .  Al t hough  
the  d i f f e r e n c e  in hemolymph o s m o l a l i t y  was q u i t e  l a r g e  { 7 8 8  mOsm) 
over  t h e  e n t i r e  range o f  s a l i n i t y  t o l e r a n c e  ( 5 - 3 7 ° / o a ) ,  mean 
hemolymph c o n c e n t r a t i o n  spanned a r a n g e  o f  o n l y  193 mOsm a t  
s a l i n i t i e s  be t ween 12 and 2 9 ° / o o .  Hemolymph c o n c e n t r a t i o n s  d i d  not  
d i f f e r  s i g n i f i c a n t l y  bet ween 12 and 1 6 ° / oo  or  between 24 and 
2 9 ° / o o ,  f u r t h e r  i n d i c a t i n g  c l o s e  r e g u l a t i o n  w i t h i n  t h e s e  s a l i n i t y  
r a n g e s .  Li near  i n t e r p o l a t i o n  w i t h i n  t h i s  r e l a t i v e l y  ho mo i o s mo t i c  
range ( i . e .  12 t o  2 9 ° / o a )  i n d i c a t e s  an i s o s m o t i c  p o i n t  o f  2 4 ° / o o .  
O u t s i d e  o f  t h i s  s a l i n i t y  range  r e g u l a t i o n  i s  l e s s  s t r i c t  and at  
3 7 ° / o o  appears  t o  break down c o m p l e t e l y  r e s u l t i n g  in an i s o s m o t i c  
condi  t  i o n .
D i s c u s s  i on
Osmot ic  a c c l i m a t i o n  o f  bah ia i s  r a p i d ,  occurr  i ng  w i t h i n  95
min o f  t r a n s f e r  t o  e i t h e r  hypo- or h y p e r o s mo t i c  media.  S i m i l a r  
r e s u l t s  have been o b t a i n e d  f o r  a n o t h e r  e s t u a r i n e  s p e c i e s  o f  mys i d ,  
M i l l s  I t  e n o l e p i s  Smith (Dormaar and Corey,  1 9 7 3 ) .  Hemolymph o f  M, 
s t e n o l e p i s ,  sampled p e r i o d i c a l l y  a f t e r  e x po s ur e  t o
FIGURE 4.  Os mo r e g u l a t l o n  1n Mj, bah1_a a c c l i m a t e d  t o  s a l i n i t i e s  
from 5 t o  37 / o o  f o r  48  h.
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3 3 ,
s a l i n i t i e s  r ang i ng  from 0 to 30 d/ o d , d i s p l a y e d  a c o n s t a n t  f r e e z i n g  
poi nt  a f t e r  3 h,  i n d i c a t i n g  a c c l i m a t i o n  was c o m p l e t e .  In c o n t r a s t  
t o  t h i s  p a t t e r n ,  Mys1s r e l i c t a  Loven,  a f r e s h w a t e r  mysid whi ch  
o c c a s i o n a l l y  i n h a b i t s  b r a c k i sh  and mari ne  w a t e r s ,  r e q u i r e d  1 2 0 - 1 4 4  
h t o  a t t a i n  hemolymph o s mo t i c  e q u i l i b r i u m  f o l l o w i n g  e x p o s u r e  t o  
s a l i n i t i e s  r ang i ng  from 0 to  3 0 ° / o o  {Dormaar and Corey,  1 9 7 8 ) .
Lar ge  c r u s t a c e a n s  appear to  r e q u i r e  more t i me  than s ma l l  
c r u s t a c e a n s  t o  a c c l i m a t e  o s m o t i c a l l y .  A c c l i m a t i o n  t i me s  o f  a t  
l e a s t  24 h f o l l o w i n g  a s a l i n i t y  change  f or  hemolymph s odi um in  
Cal 1 i n e c t e s  sapi (jqs  Rathbun (Mangum 1976)  and 2 4 - 4 8  h f o r
hemolymph i n o r g a n i c  c o n s t i t u e n t s  and o s m o l a l i t y  in Ca r c i nu s  maenas  
Linnaeus  { S i e b e r s  £ t  al  . , 1972) a r e  s u b s t a n t i a l l y  l onge r  t h a n  
obs e r ved  i n  t h e  few e s t u a r i n e  my s i ds  s t u d i e d .  However,  e v e n  
c l o s e l y  r e l a t e d  c r u s t a c e a n s  may d i f f e r  g r e a t l y  in t h e i r  r e s p o n s e  
t ime t o  an abrupt  c h a n g e  in s a l i n i t y .  For e x a mp l e ,  Pa l a e mo n g t e s  
v a r i a n s  ( L e a c h )  a t t a i n s  a new s t e a d y  s t a t e  w i t h i n  2 h o f  t r a n s f e r  
(Hagerman and Uglow,  1 983 )  w h i l e  Palaemcn a f f i n i s  Mi l ne  Edwards  
r e q u i r e s  up t o  72 h { K i r k p a t r i c k  and J o n e s ,  1 9 8 5 ) .  A h i gh  
p e r m e a b i l i t y  f o r  both sodium and c h l o r i d e  and a h i gh  r a t e  o f  w a t e r  
e xc hange ,  a s  o b s e r v e d  in l ep t omvs i  s m e d i t e r a n n e a  S a r s ,  may be 
important  f a c t o r s  in r a p i d l y  s t i m u l a t i n g  ion t r a n s p o r t  in m y s i d s  
(Lutu,  1 9 7 7 ) .  These f a c t o r s  may e x p l a i n  the  r a p i d  o s mo t i c  
a d j u s t me n t  ob s e r v e d  in most  members o f  t h i s  group,
F o l l o w i n g  t r a n s f e r  t o  high s a l i n i t y  w a t e r ,  fL bahi a  demon­
s t r a t e d  an o v e r s h o o t  in hemolymph o s m o l a l i t y  at  30 min,  f o l l o w e d  by 
a d e c r e a s e  t o  s t e a d y  s t a t e  by 95 min,  A s i m i l a r  phenomenon,  
i n v o l v i n g  hemolymph s o d i u m,  has been obs e r ved  in t he  c a r i d e a n
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shr i mp,  Pal aemonetes  pugio  H o l t h i u s  (Lucu e i  a l . , 1977)  and 
Palaemon a f f i n i s  ( K i r k p a t r i c k  & J o n e s ,  19 8 5 } .  Pa l ae mone t es  pugi o  
d e mo n s t r a t e d  ove r c ompe ns a t i on  f o l l o w i n g  t r a n s f e r  from 2 t o  3 2 a/ o o  
and a f t e r  t r a n s f e r  from 3? t o  2 ° / o o ;  a t t a i n m e n t  o f  a s t e a d y - s t a t e  
c o n d i t i o n  was c o mp l e t e  by 24 h (Lucu £ t  al_, , 1 977 ) .  These  a u t hor s  
c o n c l u d e d  t h a t  such ove r compe ns at i on  had not  been o b s e r v e d  in o t h e r  
s t u d i e s  b e c a u s e  t h e  g r a d i e n t s  between hemolymph and media were  not  
as  g r e a t  as  f o r  £L p u o i o . However,  such o v e r c o m p e n s a t i o n  o c c u r s  in 
EL bahi a  f o l l o w i n g  t r a n s f e r  from 24 to 3 2 ° / o o .  The r e l a t i v e l y  
s mal l  g r a d i e n t  in o s m o l a l i t y  a t  t h i s  s a l i n i t y  ( appr ox .  75 mOsM) 
s u g g e s t s  t h a t  g r a d i e n t  e f f e c t s  may not  be t h e  s o l e  c a u s e  o f  such  
phenomena,  f u r t h e r m o r e ,  the  caus e  o f  o v e r c o m p e n s a t i o n  i s  p r o b a b l y  
n o t  m e r e l y  a f u n c t i o n  o f  medium o s m o l a l i t y ,  but  a l s o  medium 
c o m p o s i t i o n  (Lucu i L , ,  1977) .
The o s m o r e g u l a t o r y  c a p a b i l i t y  o f  EL bahi a  appears  t o  
c o r r e s p o n d  wi t h  f i e l d  c o l l e c t i o n  dat a  and l a b o r a t o r y  d e r i v e d  
s a l i n i t y  t o l e r a n c e  r ange s .  Hemolymph o s m o l a l i t y  was r e g u l a t e d  
w i t h i n  most  o f  t h e  s a l i n i t y  range (5 t o  3 7 ° / o o )  s t u d i e d ,  t hough a 
breakdown in r e g u l a t o r y  c a p a c i t y  oc c ur r e d  as  i t s  s a l i n i t y  t o l e r a n c e  
l i m i t s ,  d e f i n e d  as  t he  l ower  and upper 144-h T L ^ s  o f  4 . 9  ° / o o  and 
4 3 . 7 ° / o o  ( Chapt er  1 ) ,  were approached.  Common f i e l d  c o l l e c t i o n  
s a l i n i t i e s  o f  18 t o  3 0 ° / ° °  (Molenock,  1969;  Conte ,  1972;  P r i c e ,
1982)  and t he  range  w i t h i n  which EL. bahia  can r e pr o duc e  and 
w i t h s t a n d  d i r e c t  changes  in s a l i n i t y  wi t h  100% s u r v i v a l  ( Chapt e r  I)  
a r e  c o n s i s t e n t  w i t h  the  homoiosmot i c  range o f  12 t o  2 9 ° / o o .
The g e n e r a l  o s mo r e g u l a t o r y  c a p a c i t y  o f  EL bahi  a i s  s i m i l a r  to  
t h a t  o f  o t h e r  e s t u a r i n e  and euryhal i r i e  mar i ne  mys i ds  ( f i g -  5 ) ,
35,
a l t h o u g h  t he  i n f l e c t i o n  in hemolymph o s m o l a l i t y  at  s a l i n i t y  
e x t r e me s  i s  somewhat unique to  t h i s  s p e c i e s .  Comparison o f  t he  
homoiosmot i c  ranges ,  s l o p e s  and i s o s m o t i c  p o i n t s  i l l u s t r a t e s  s u b t l e  
d i f f e r e n c e s  in the o s mor e gu l a t or y  c a p a c i t i e s  o f  t h e s e  s p e c i e s  which 
f r e q u e n t l y  c o r r e l a t e  w i t h  s a l i n i t y  t o l e r a n c e .
The os mor e gul a t or y  c a p a c i t y  of  bahi a  i s  q u i t e  s i m i l a r  t o  
t h a t  r e por t e d  f o r  Praunus f  l exuosus  Mul l er  (McLusky & Heard,  1971) .  
From p u b l i s h e d  d a t a ,  a v a r i a t i o n  in hemolymph o s m o l a l i t y  o f  196 
mOsM over  a s a l i n i t y  range  o f  9 to  3 0 ° / ° °  he c a l c u l a t e d  f o r  
t h i s  s p e c i e s .  Though i t s  i s o s m o t i c  p o i n t  ( 2B ° / oo )  and homoiosmotic  
r ange  are  s i m i l a r  to t h a t  o f  tL b a h i a . p, f 1exuosus  r e g u l a t e s  
o s m o l a l i t y  b e t t e r  at extreme s a l i n i t i e s  than does  M±. bahi a * D i r e c t  
compari son o f  s a l i n i t y  t o l e r a n c e  f or  t he  two s p e c i e s  i s  not  
p o s s i b l e  u s i ng  the data o f  McLusky and Heard ( 1971)  as t o l e r a n c e  
was based on s u r v i v a l  t i me ,  but t he  r e s u l t s  o f  t h e s e  aut hor s  
s u g g e s t  t ha t  f 1e xuosus  i s  more t o l e r a n t  o f  low s a l i n i t i e s  and 
l e s s  t o l e r a n t  o f  high s a l i n i t i e s  than b a h i a . However,  the  120 
hour s u r v i v a l  exper iment  r e p o r t e d  by Vl asbl om and E l g e r s h u i z e n  
( 1 9 7 7 )  s u g g e s t s  a t o l e r a n c e  range q u i t e  s i m i l a r  to  t h a t  o f  M. 
b a h i a .
Neomysis  i n t e g e r  Leach e x h i b i t s  a range  in hemolymph c o n ­
c e n t r a t i o n  o f  onl y  170 mOsM over a s a l i n i t y  range o f  2 t o  3 0 ° / o o  
and an i s o s m o t i c  po i nt  o f  19° / oo  ( l i c i us ky  & Heard,  1971) ;  
u n f o r t u n a t e l y  dat a  do not  e x i s t  f o r  h i g h e r  s a l i n i t i e s ,  though i t s  
t o l e r a n c e  range (>50% s u r v i v a l  a f t e r  5 days  e xpos ur e )  i s  
a p p r o x i ma t e l y  2 to  3 5 ° / o o  (Vlasblom & E l g e r s h u i z e n ,  1977) .  In 
c o n t r a s t ,  c o n g e n e r i c  Ne omys i s  americana Smith d i s p l a y s  a range in
FIGURE 5,  Comparison o f  o s m o r e g u l a t o r y  a b i l i t y  o f  ( L  b a h i a  w i t h  
o t h e r  mysi d s p e c i e s .  Va l ue s  f o r  s p e c i e s  o t h e r  t ha n  b a h i a  
o b t a i n e d  from d a t a  r e p o r t e d  in  the  l i t e r a t u r e .
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hemolymph c o n c e n t r a t i o n  o f  450 mOsM over a s a l i n i t y  range o f  10 to  
3 6 ° / oo  and an i s o s m o t i c  p o i n t  o f  27° / oo  ( M i l l e r ,  1964) ,  T h i s  
s p e c i e s  doe s  not  e x h i b i t  a r e g i o n  o f  r e l a t i v e l y  enhanced r e g u l a t o r y  
c a p a c i t y ,  but t h i s  i s  probabl y  a r e f l e c t i o n  o f  l a c k  o f  d a t a  a t  
s a l i n i t i e s  appr oac h i ng  i t s  lower t o l e r a n c e  l i m i t  o f  Z - 4 ° / o o  
( Pezzack  4 Corey,  1982) ;  the  upper t o l e r anc e  l i m i t  f or  t h i s  s p e c i e s  
i s  not  known,
Mvs i s  ^ t e n o l e p i though cons i der e d  a mar i ne  s p e c i e s  ba s e d  on 
i t s  d i s t r i b u t i o n ,  e x h i b i t s  an osmoregulatory  c a p a c i t y  t y p i c a l  o f  an 
e s t u a r i n e  h y p e r - h y p o r e g u l a t o r  (Dormaar & Corey,  1973) .  Mvsi s 
s t e n o l e p i s  d i s p l a y s  a range in hemolymph c o n c e n t r a t i o n  o f  300 mOsM 
over a s a l i n i t y  range  o f  5 to  3 0 ° / « o  and an i s o s m o t i c  p o i n t  o f  
2 2 ° / o o i i n t e r m e d i a t e  to  t h a t  o f  o t he r  s p e c i e s  s t u d i e d ,  i t s  o v e r a l l  
p at t e r n  i s  s i m i l a r  to  t h a t  o f  i n t e g e r  but ,  u n f o r t u n a t e l y ,  due to  
l a c k  o f  d a t a  i t  cannot  be compared to  o t he r  s p e c i e s  at  s a l i n i t i e s  
>30 ° / o q , though i t  can t o l e r a t e  such s a l i n i t i e s .
Le pt omvs i s  m e d i t e r a n n e a . a marine form, i s  t he  mysid mo s t  
c l o s e l y  r e l a t e d  t o  bahi a  ( i . e .  t r i b e  L e p t o my s i n i )  f o r  wh i c h  
o s m o r e g u l a t i o n  has  been s t u d i e d .  Hemolymph c o n c e n t r a t i o n ,  c a l c u ­
l a t e d  (by Mantel  4 Farmer,  1983)  from repor ted sodium,  p o t a s s i u m  
and c h l o r i d e  c o n c e n t r a t i o n s ,  ranges  from 695  t o  1040 mOsM o v e r  a 
s a l i n i t y  range  o f  24 to  4 4 ° / o o ;  the hemolymph was thus  hypoos mot i c  
ove r  t he  e n t i r e  range  s t u d i e d  (Lucu,  1977) .  t o l e r a n c e  dat a  
r e p o r t e d  by t h i s  same author  i n d i c a t e  L_l me d i t e r a n n e a  to  be a 
h y p o r e g u l a t o r  t hroughout  i t s  l i m i t e d  t o l e r a n c e  r a ng e .  In c o n t r a s t ,  
t he  f r e s h w a t e r  mys i d ,  [L r e l i c ta> which i s  somewhat t o l e r a n t  o f  
br a c k i s h  w a t e r s ,  i s  homoiosmot i c  between 0 and 1 0 ° / o ° ,  h y p e r o s mo t i c
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w i t h  v a r i a t i o n  (300  mOsM) in hemolymph c o n c e n t r a t i o n  from 10 to  
? 5 ° / o o ,  and i s o s m o t i c  from ?5 t o  3 0 ° / o o  (Cormaar 4 Corey,  1978) ,  
There  thus  appear t o  be t hr e e  p a t t e r n s  o f  o s m o r e g u l a t i o n  
o b s e r v e d  in the  Mys idacea:  h y p e r - h y p o r e g u l a t  ion i n d i c a t i v e  o f  t he  
e u r y h a l i n e - m a r i n e  and e s t u a r i n e  s p e c i e s  ( i n c l u d i n g  (L bahi  a ) ; 
h y p e r r e g u l a t i o n  and os moconformi ty  above t he  i s o s m o t i c  p o i n t  as  
found in t h e  f r e s h w a t e r  mysid (L r e l i c t a ; and h y p o r e g u l a t i o n  as  
found fn t h e  p o l y s t e n o h a l i n e - m a r i n e  s p e c i e s  L  m e d i t e r a n n e a .
Though t h e  marine o r i g i n  o f  t h e  Mysidacea would l ead  one t o  p r e d i c t  
t h e  e x i s t e n c e  o f  f r e s h w a t e r  forms c a p a b l e  o f  h y p o r e g u l a t i o n ,  such  
s p e c i e s  have  not  been found.
EFFECTS OF CAOM1UM SPEC IAT10N
I n t r o d u c t  ion
Sunda e t  a l ■ ( 1 9 7 8 )  were  t h e  f i r s t  t o  p r o p o s e  t h a t  t h e  e f f e c t  
o f  s a l i n i t y  on cadmium t o x i c i t y  i s  due  p r i m a r i l y  t o  c o m p l e x a t i o n  o f  
t h e  f r e e  cadmium i on  (Cd^4 ) by t h e  c o n s e r v a t i v e  l i g a n d  Cl w i t h  
i n c r e a s i n g  s a l i n i t y .  E x p r e s s i o n  o f  e x p o s u r e  in t erms  o f  Cd^+ , 
r a t h e r  t han  t o t a l  cadmium ( C d j ) ,  r e d u c e s  t h e  a p p a r e n t  e f f e c t  o f  
s a l i n i t y  on cadmium t o x i c i t y  t o  g r a s s  shr imp and l a r v a l  f i s h  (Sunda  
e t  al  . , 1978;  Engel  and F o w l e r ,  1979)  and upt ake  by p e r f u s e d  t r o u t  
g i l l s  ( P a r t  a l . . 1 9 8 5 a ) .  Though a d d i t i o n  o f  c h e l a t o r s  t o  t h e  
e x p o s u r e  medium f r e q u e n t l y  r e d u c e s  upt ake  or  t o x i c i t y  (Sunda e t  
a l . . 1978 ;  Hung,  198?;  McLeese  and Ray,  1 9 8 4 ) ,  wh i c h  l e n d s  s u p p o r t  
t o  t h i s  i d e a ,  e x c e p t i o n s  have  been n o t e d  ( George  and Coombs,  1977)  
and u p t a k e  o f  cadmium by y e a s t  and p e r f u s e d  t r o u t  g i l l  in the  
p r e s e n c e  o f  c o m p l e x ! n g  a g e n t s  c annot  be c o m p l e t e l y  a c c o u n t e d  f o r  on 
t h e  b a s i s  o f  Cd^+ a c t i v i t y  a l o n e  ( P a r t  and Wikmark, 1984;  A h l e r s  
and R o s i c k ,  1 9 8 6 ) .
The p u r p o s e  o f  t h i s  p o r t i o n  o f  t h e  s t u d y  was t o  exami ne  t h e  
r o l e  o f  c he m i c a l  s p e c i a t i o n  in t he  e f f e c t  o f  s a l i n i t y  on t he  a c u t e  
t o x i c i t y  o f  cadmium t o  bahi  a . was v a r i e d  as  a f u n c t i o n  o f
s a l i n i t y  as  w e l l  as  i n d e p e n d e n t l y  o f  s a l i n i t y  by u s e  o f  a t r a c e  
me t a l  c h e l a t o r  ( n i t r i 1o t r i a c e t i c  a c i d ) .
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M a t e r i a l s  and Methods  
C a l c u l a t l o n  o f  cadmium s p e c i a t i c n
The chemical  e qui  1 ibritim program REDEQL-EPAK ( I n g l e  e t  a j ^ ,  
1 9 8 0 ) ,  implemented on a PRIME 9955 computer ,  was used t o  c a l c u l a t e  
cadmium s p e c i a t i o n  in e x p o s u r e  media.  The a b i l i t y  o f  t h i s  model  to  
p r e d i c t  f r e e  cadmium ion c o n c e n t r a t i o n  was v e r i f i e d  at  Cd^+ 
c o n c e n t r a t i o n s  which were  g r e a t e r  than t ho s e  e x p e c t e d  in e x p o s u r e  
media but  which c o u l d  be de t er mi ned  e l e c t r o c h e m i c a l l y  w i t h  a 
s p e c i f i c i o n  e l e c t r o d e .
Cd^+ c o n c e n t r a t i o n s  were  measured wi t h  a cadmium ion s e l e c t i v e  
e l e c t r o d e  (Orion Res earch  I n c . ,  Model tt 9 4 - 4 8 ) ,  a s i n g l e  j u n c t i o n  
Ag/AgCl r e f e r e n c e  e l e c t r o d e  (Orion Research I n c . ,  Model # 9 0 - 0 1 )  
and a F i s h e r  Accumet pH-mV me t e r .  Standards  were  prepared in  
d e i o n i z e d  d i s t i l l e d  w a t e r  from a 0 . 1  M cadmium c h l o r i d e  s t o c k  
s o l u t i o n  ( U l t r a p u r e  9 9 . 99 5 X ,  A l f a  Chemical  C o . ) ;  i o n i c  s t r e n g t h  o f  
t h e  s t a n d a r d s  was a d j u s t e d  t o  t h a t  o f  samples  w i t h  5 . 0  M NaNO^, 
Fi nney  Creek (Wachapreague,  VA) wat er  was f i l t e r e d  to  0 . 4  um, UV 
p h o t o o x i d i z e d  and d i l u t e d  wi t h  d e i o n i z e d  d i s t i l l e d  wat e r  from  
3 1 ° / o o  t o  5,  15 and 3 0 ° / o o  s a l i n i t y .  Samples  we r e  pr e par e d  a t  
each o f  t h e  t h r e e  s a l i n i t i e s  in 150 ml be ake r s  which had been  
p r e v i o u s l y  r i n s e d  w i t h  HNO^  ( 5 0 : 5 0  v : v ,  U l t r a p u r e  Trace Metal  
A n a l y s i s  g r a de ,  F i s h e r  S c i . )  and d e i o n i z e d - d i s t i l l e d  wat e r .
Samples  were  s p i ke d  w i t h  cadmium c h l o r i d e  a n d / o r  n i t r i l o t r i a c e t i c  
a c i d  ( A l f a  Chemical  Co . )  to  y i e l d  nominal  c o n c e n t r a t i o n s  o f  0 . 5 4 ,  
1 . 1 0 ,  1 1 , 2 ,  2 2 . 5 ,  5 6 , 2 ,  and 112 mg/L t o t a l  cadmium and 0 ,  0 . 3 8 ,
1 . 9 1 ,  9 5 . 5  mg/L MTA, pH was a d j u s t e d  w i t h  NaOH t o  t he  l e v e l
4 ] .
a p p r o p r i a t e  f o r  t h a t  p a r t i c u l a r  s a l i n i t y  in a l l  samples  r e c e i v i n g  
NTA. Temperature  was ma i n t a i ne d  at  21 . 2  + 0 , 1 5  °C,
Free  cadmium ion c o n c e n t r a t i o n  was c a l c u l a t e d  by REDEQL-EPAK 
u s i n g  e l e m e n t a l  c o m p o s i t i o n  based on measured s a l i n i t y ,  t empera­
t u r e ,  pH, NTA c o n c e n t r a t i o n  and t o t a l  cadmium c o n c e n t r a t i o n  as  
i n p u t .  C a l c u l a t e d  and measured f r e e  ion c o n c e n t r a t i o n s  were  
s t a t i s t i c a l l y  compared by r e g r e s s i o n  a n a l y s i s  u s i ng  t h e  SPSS-X 
(SPSS I n c , ,  1986J s o f t w a r e  package .
Chemical  a n a l y s e s
Water s amples  were c o l l e c t e d  from REDEQL-EPAK v e r i f i c a t i o n  and 
b i o a s s a y  e x p e r i m e n t s  (on days  0 and 4)  in 5 ml s c re w- c ap  
p o l y e t h y l e n e  s c i n t i l l a t i o n  v i a l s  and a c i d i f i e d  wi t h  c o n c e n t r a t e d  
HNOj ( U l t r a p u r e  Trace  Metal  A n a l y s i s  g r a d e ,  F i s h e r  S c i . )  t o  a pH o f  
< 2 . 0  f o r  cadmium a n a l y s i s .  S e p a r a t e  wat e r  samples  from b i o a s s a y  
e x p e r i m e n t s  were p r e s e r v e d  f o r  NTA a n a l y s i s  by a d d i t i o n  o f  40 ul o f  
100% f o r m a l i n  and s t o r e d  a t  c a . -20°C u n t i l  a n a l y z e d .
Cadmium c o n c e n t r a t i o n s  in wat e r  sampl es  were d e t e r m i n e d  u s i n g  
a Pe r k i n - E l me r  model  703 a tomi c  a b s o r p t i o n  s p e c t r o p h o t o m e t e r .  
Monobas i c  ammonium phos phat e  (1 mg/ml;  M a l l i n c k r o d t  Chemical  Co . )  
was us ed  f or  sample  mat r i x  m o d i f i c a t i o n .  Pe r c e n t  r e c o v e r y  was  
d e t e r m i n e d  f or  e ac h  sample by t h e  method o f  s tandard a d d i t i o n .
Becaus e  NTA c o n c e n t r a t i o n s  employed were r e l a t i v e l y  high , NTA 
was measured u s i n g  a m o d i f i c a t i o n  o f  the  methods  o f  S c h a f f n e r  and 
Giger  ( 1984)  and Warren and Malec (1972)  whereby an a r i o n e x c h a n g e  
c o n c e n t r a t i o n  s t e p  was a v o i d e d .  B r i e f l y ,  a 3 ml sample  was f r e e z e -  
d r i e d  in a 100 ml v o l u m e t r i c  f l a s k  u n t i l  o n l y  a wh i t e  r e s i d u e  
remai ned.  The r e ma i n i n g  NTA was d e r i v a t i 2 ed t o  i t s  b u t y l  e s t e r  by
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a d d i t i o n  o f  4 ml o f  ] H a c e t y l  c h l o r i d e  in n-butanol  at 70°C f or  3 
h.  A 3 h r e a c t i o n  t i me  was found t o  be n e c e s s a r y  to i nsure  
c o m p l e t e  d e r  1 va t  1 z a t i o n  o f  t he  NTA, perhaps due to  i n t e r f e r e n c e  by 
s a l t s .  F o l l o w i n g  d e r i v a t i z a t i o n ,  t h e  f l a s k  was f i l l e d  to  t h e  neck 
w i t h  d i s t i 1 l e d - d e i o n i z e d  w a t e r ,  shaken and s ubs e que nt l y  e x t r a c t e d  
t w i c e  w i t h  1 ml o f  n - p e n t a n e .  The combined e x t r a c t s  were d r i e d  
w i t h  sodi um s u l f a t e  p r i o r  t o  i n j e c t i o n  into a gas  chromatograph.
An i n t e r n a l  s t a n d a r d  o f  undecyl  c y a n i d e  (99.5%,  Al dr i ch Chemical  
C o . )  was us e d  f o r  e ac h  a n a l y s i s .  De t e rmi nat i ons  were performed on 
a Va r i a n  3 7 0 0  g as  chromat ograph equipped wi t h  a t hermi onic  s p e c i f i c  
d e t e c t o r  and a c a p i l l a r y  column ( i n s i d e  d i amet er  0 . 3  mm} c o a t e d  
w i t h  0 , 2 5  urn o f  SE52 s t a t i o n a r y  phase  (Supe l co  Inc,  B e l l a f o n t e ,
P A ) .
Ex p e r i me n t a l  a n i ma l s
H y s i d s  were  c u l t u r e d ,  h a r v e s t e d  and a c c l i ma t e d  by pr oc e dur e s  
d e s c r i b e d  p r e v i o u s l y  ( Chapter  I ) .  Neonates  were randomly a s s i g n e d  
t o  3 t o  5 s e p a r a t e  a q u a r i a  c o n t a i n i n g  d i l u t e d  ( 22 ° / o o )  Fi nney  Creek 
w a t e r .  The s a l i n i t y  o f  t he  w a t e r  in each aquarium was then s l o w l y  
a d j u s t e d  by a d d i t i o n  o f  b r i n e  ( s e e  Chapter I) or de i on i z e d  wa t e r  
o v e r  a t h r e e  day p e r i o d  t o  equal  t h a t  of  a c orresponding  t e s t  
s o l u t i o n ;  t e m p e r a t u r e  was s i m i l a r l y  adj us t e d  at  a rate  o f  c a ,  
l ° C / d a y  from 25 t o  2 2°C.  F o l l o w i n g  t he  adjustment  pe r i od ,  mys i ds  
were  a l l o w e d  t o  a c c l i m a t e  at t h i s  s a l i n i t y  f or  four days p r i o r  to  
us e  in t e s t s .  T e s t  s a l i n i t i e s  and a c c l i m a t i o n  procedures  were  
based on t h e  r e s u l t s  o f  s a l i n i t y  t o l e r a n c e  and o s mor e gu l a t i on  
e x p e r i m e n t s  p r e v i o u s l y  d e s c r i b e d  (Chapters  I anti I I ) ,
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E x o e r i n e n t a l  p r o c e d u r e s
A l l  t e s t s  were  performed in i n c u b a t o r s  m a i n t a i n e d  at  a 
t e m p e r a t u r e  o f  22 ° t  and a l i g h t : d a r k  c y c l e  of  1 4 : 1 0 .
I l l u m i n a t i o n ,  d e t e r m i n e d  wi t h  a Lycor LI 108 quantum p h o t o me t e r  
( i n t e g r a t i o n  t i m e  ] s ) ,  was a d j u s t e d  such t ha t  maximum v a r i a t i o n  
among i n c u b a t o r s  n e v e r  e x c e e d e d  7%. Fi nney  Creek w a t e r ,  f i l t e r e d  
to  0 . 4  urn and UV p h o t o o x i d i z e d ,  was c o n c e n t r a t e d  (by  f r e e z i n g )  or  
d i l u t e d  ( w i t h  d e - i o n i z e d  wat e r )  t o  d e s i r e d  t e s t  s a l i n i t i e s  and 
a l i q u o t e d  (1 L} t o  20 cm d i a m e t e r  g l a s s  c u l t u r e  b o wl s .  Each n o n ­
c o n t r o l  bowl was s p i k e d  w i t h  an a p p r o p r i a t e  volume o f  NTA a n d / o r  
cadmium s t o c k  s o l u t i o n ,  c ove r e d  and t he n  randomly p l a c e d  i n t o  one  
o f  t h r e e  i n c u b a t o r s  t o  e q u i l i b r a t e  f o r  24 h. pH was a d j u s t e d  w i t h  
NaOH t o  t h e  l e v e l  a p p r o p r i a t e  f or  t h a t  p a r t i c u l a r  s a l i n i t y  in  a l l  
bowls  r e c i e v i n g  NTA. In t h e  c a s e  o f  t h e  NTA a c u t e  t o x i c i t y  t e s t  
( Expe r i me nt  V) ,  NTA was added d i r e c t l v  to  t he  t e s t  w a t e r  as  t h e  l ow  
s o l u b i l i t y  o f  t h e  f r e e  a c i d  pre ve nt e d  a d d i t i o n  as  a s t o c k .
E x p e r i me nt s  were  i n i t i a t e d  by a d d i t i o n  o f  10 u n i f o r m- a g e d  
(7 d)  mys i ds  t o  e ac h  bowl;  mys i ds  were  p r e v i o u s l y  a c c l i m a t e d  t o  t h e  
c o r r e s p o n d i n g  t e s t  s a l i n i t y  as d e s c r i b e d  above.  M o r t a l i t y  was  
m o n i t o r e d  a t  8 , 12,  24,  4 8 ,  72 and 96 h; a l t h o u g h  more f r e q u e n t  
o b s e r v a t i o n s  in t he  b e g i n n i n g  o f  t o x i c i t y  t e s t s  commonly y i e l d  
u s e f u l  i n f o r m a t i o n  r e g a r d i n g  the t ime c o u r s e  o f  r e s p o n s e ,  m o r t a l i t y  
e a r l y  in e x p e r i m e n t s  was t r i v i a l  due t o  t h e  narrow range  o f  cadmium 
c o n c e n t r a t i o n s  s e l e c t e d  from t he  r e s u l t s  of  p r e l i m i n a r y  
e x p e r i m e n t s .  Exuv i ae  and dead mysids  were  removed when o b s e r v e d .  
Mys i ds  were  f e d  A_l s a l  ina n a u p l i i  at  a r a t e  o f  200  
n a u p l i i / b o w l / d a y ; u ne a t e n  food was removed d a i l y  by s i p h o n  from t h e
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bot tom o f  e x p o s u r e  bowls  p r i o r  to a d d i t i o n  o f  new f o o d .  Water  
s amples  were  c o l l e c t e d  f o r  chemical  a n a l y s i s  a t  the  b e g i n n i n g  and 
end o f  e ach  e x p e r i m e n t .  Temperature,  s a l i n i t y ,  pH and d i s s o l v e d  
oxygen were mo n i t o r e d  d a i l y .
F i ve  t o x i c i t y  t e s t s  were  performed.  In t h e  f i r s t  e xpe r i ment  
(Exper i ment  I } ,  m o r t a l i t y  was determi ned at  e ach  o f  f i v e  s a l i n i t i e s  
o v e r  a range  o f  s i x  cadmium c h l o r i d e  c o n c e n t r a t i o n s .  A non-  
f a c t o r i a l  d e s i g n ,  u t i l i z i n g  a s e r i e s  o f  cadmium c o n c e n t r a t i o n s  
s p e c i f i c  f o r  each s a l i n i t y  and s e l e c t e d  from t he  r e s u l t s  o f  a 
r a n g e - f i n d i n g  t e s t  was employed t o  o b t a i n  a good d o s e - r e s p o n s e  
r e l a t i o n s h i p  f o r  e ac h  t e s t  s a l i n i t y .  Each t re a t me n t  was prepared  
in t r i p l i c a t e .  S p e c i a t i o n  o f  cadmium v a r i e d  s o l e l y  a s  a f u n c t i o n  
o f  t e s t  sal  i n i  t y .
In Exper i ment s  II and III  f re e  cadmium ion c o n c e n t r a t i o n  was 
v a r i e d  i n d e p e n d e n t l y  o f  t o t a l  cadmium and s a l i n i t y  by c o m p l e x a t i o n  
w i t h  NTA { 6  l e v e l s )  a t  two s a l i n i t i e s  and t h r e e  t o t a l  cadmium 
c o n c e n t r a t i o n s  ( i n c l u d i n g  a cont ro l  c o n c e n t r a t i o n  o f  <0 . 2  ug/L 
C d j ) . D i s p a r i t y  o f  r e s u l t s  at  the  common s a l i n i t y  <?4 / o o )  f o r  
t h e s e  two e x p e r i m e n t s  l ed  t o  a t h i r d  NTA expe r i ment  ( Expe r i me nt  IV) 
i n  which f r e e  cadmium ion was v a r i e d  o v e r  3 s a l i n i t i e s ,  3 t o t a l  
cadmium c o n c e n t r a t i o n s  ( i n c l u d i n g  c o n t r o l s )  and 4 NTA 
c o n c e n t r a t i o n s ;  a p p r o p r i a t e  l e v e l s  o f  NTA and cadmium were  r e f i n e d  
based on r e s u l t s  o f  Experiments  11 and I I I .  Three r e p l i c a t e s  were  
pr e par e d  f or  a l l  t h r e e  NTA e x pe r i me n t s .  Measured NTA 
c o n c e n t r a t i o n s  were  a v a i l a b l e  onl y  f or  Experiment  IV; in  
Exper i me nt s  II and I I I  nominal  NTA c o n c e n t r a t i o n s  were  u s e d  in a l l  
d a t a  a n a l y s e s .
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The f i f t h  experiment  c o n s i s t e d  of  an NTA x s a l i n i t y  f a c t o r i a l  
d e s i g n  to  d e t er m i n e  the i ndependent  c o n t r i b u t i o n  { e x p e c t e d  t o  be 
n e g l i g i b l e )  o f  NTA to t o x i c i t y  in Experi ments  [ ( - { V ,  Treatments  
c o n s i s t e d  o f  3 s a l i n i t i e s  (14 ,  24 and 3 4 ° / o o )  and 6 NTA 
c o n c e n t r a t i o n s  ( 0 t iOO, 320,  560 ,  1000,  and 3200 mg/L) prepared in 
d u p l i c a t e .
S t a t i s t i c a l  a na l y s e s  were performed u s i n g  the SPSS-X s o f t war e  
p a c k a g e  (SPSS I n c . ,  1936) and a BASIC program which u t i l i z e s  
s e v e r a l  methods t o  c a l c u l a t e  an LC&0 ( S t e ph an ,  1977) ,  Al l  LC50s 
were  c a l c u l a t e d  us i ng  96 hr m o r t a l i t y  d a t a .  For a n a l y s i s  o f  
i n t e r a c t i o n  e xpe r i me n t s ,  m o r t a l i t y  data were  t rans f ormed u s i n g  the  
a n g u l a r  t r a n s f o r ma t i o n  p r i o r  t o  s t e p - w i s e  m u l t i p l e  r e g r e s s i o n ;  the  
s t a t i s t i c a l  power o f  each m u l t i p l e  r e g r e s s i o n  was d e t e r m i n e d  using  
t h e  p o w e r - a n a l y t i c  procedures  d e s c r i b e d  by Cohen { 1 9 7 7 ) .  Unless  
o t h e r w i s e  s t a t e d  a l l  a n a l y s e s  were  t e s t e d  a t  the 0 . 0 5  s i g n i f i c a n c e  
l e v e l ,  R e g r e s s i o n  s ur f ac e s  we r e  c o n s t r u c t e d  wi th t h e  SURFACE II 
s o f t w a r e  package  (Sampson, 1978)  us i ng  as  i n p u t  m a t r i c e s  g e n e r a t e d  
by r e g r e s s i o n  e q u a t i o n s  from t h e  SPSS-X package .
R e s u l t s
Chemical  and Water Qua! i ty An a! vs e s
E l e c t r o c h e m i c a l  v e r i f i c a t i o n  o f  the  REDEQL-EPAK model  demon-
2 +s t r a t e d  e x c e l l e n t  p r e d i c t i o n  o f  Cd c o n c e n t r a t i o n  a t  a l l  s a l ­
i n i t i e s  and c h e l a t o r  c o n c e n t r a t i o n s  ( F i g .  6 ) .  R e g r e s s i o n  a n a l y s e s  
o f  p r e d i c t e d  t d ^ + and measured Cd^+ y i e l d e d  c o e f f i c i e n t s  o f  
d e t e r m i n a t i o n  rang i ng  from 0 . 9 9 0 8  to  0 . 9 9 9 8 ;  pool ed v a l u e s  from a l l  
s a l i n i t i e s  and NTA c o n c e n t r a t i o n s  y i e l d e d  a h i g h l y  s i g n i f i c a n t
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(P<0 . 0001)  c o e f f i c i e n t  o f  d e t e r m i n a t i o n  o f  0 .9B7 and a s tandard  
e rr o r  o f  e s t i m a t e  o f  0 , 1 0 5 7 .  A de par t ur e  o f  o b s e r v e d  from 
p r e d i c t e d  v a l ue s  was found at  Cd^+ c o n c e n t r a t i o n s  below 10  ^ H 
(11? ug/L)  which can be a t t r i b u t e d  to poor e l e c t r o d e  performance  as  
i n d i c a t e d  by the  n o n - l i n e a r i t y  o f  c a l i b r a t i o n  c u r v e s  and e x t r e m e l y  
long r e s p o n s e  t ime o f  the  e l e c t r o d e  in t h i s  c o n c e n t r a t i o n  r a ng e .  
Temperature and s a l i n i t y  were ma i n t a i ne d  w i t h i n  l ° t  and l ° / o o  
o f  t h e i r  nominal  v a l u e s ,  r e s p e c t i v e l y ,  in a l l  f i v e  e x p e r i m e n t s .  
D i s s o l v e d  oxygen and pH var i e d  n a t u r a l l y  as  a f u n c t i o n  o f  s a l i n i t y  
and remained at  a c c e p t a b l e  l e v e l s  throughout  the  c o u r s e  o f  a l l  
e xpe r i me n t s .  No s i g n i f i c a n t  d i f f e r e n c e s  in pH or  d i s s o l v e d  oxygen  
were obs e r ve d  among t re a t me nt s  as a f u n c t i o n  o f  NTA or cadmium 
c o n c e n t r a t i o n .  Though measured NTA v a l ue s  were n o t  a v a i l a b l e  f o r  
Experiments  ] 1 and i n ,  i n i t i a l  and f i n a l  NTA c o n c e n t r a t i o n s  in  
Experiments  IV and V agreed w i t h  nominal  v a l ue s  w i t h i n  a n a l y t i c a l  
e r r o r  ( r e l a t i v e  s tandard d e v i a t i o n  o f  14%). The r e s u l t s  o f  t h e  NTA 
a n a l y s e s  f or  Experiments  IV and V, the  r e l a t i v e l y  high  
c o n c e n t r a t i o n s  employed in t h i s  s tudy and the  s low b i o d e g r a d a t i o n  
r a t e s  r e p o r t e d  f or  NTA in n o n - p o l l u t e d  e s t u a r i n e  w a t e r s  ( P f a e n d e r  
fit iLl> 1985) support  the  use o f  nominal  v a l u e s  i n  data  
i n t e r p r e t a t i o n  o f  the  o ther  e x p e r i m e n t s .
Cad mi u m- 5 a l i n i t v  I n t e r a c t i o n s
M o r t a l i t y  in Experiment 1, in which cadmium s p e c l a t i o n  was  
c o n t r o l l e d  s t r i c t l y  by s a l i n i t y ,  was n e g l i g i b l e  in c o n t r o l  t r e a t ­
ments ,  in which onl y  background Cd c o n c e n t r a t i o n s  ( < 0 . 2  ug/L}  
e x i s t e d ,  and ranged from 0 to 100% in t r e a t me nt s  r e c e i v i n g  Cd 
(Table  4 } .  LC^q va l ue s  were c a l c u l a t e d  as v a r i o u s  cadmium s p e c i e s
FIGURE 6 , S c a t t e r g r a m  o f  measured v e r s u s  c a l c u l a t e d  (REDEQL-EPAK) 
f r e e  cadmium ion c o n c e n t r a t i o n .
4 7 .
OOE
OOI
m
on
cni
to
hioLi'3 -fl1 ^o  o o■rr -ri oj
(VMn ) + s P 0  p a j n s e ^ w
CA
LC
UL
AT
ED
 
Cd
 
(u
M
)
4 8 .
f o r  each t e s t  s a l i n i t y  by the  method o f  moving a v e r a g e s ;  t h i s  
method was s e l e c t e d  due t o  i t s  a p p l i c a b i l i t y  t o  a wide  v a r i e t y  o f  
dat a  s e t s ,  LC^q v a l u e s s  e x p r e s s e d  in terms o f  Cdj,  CdC3 + and CdCl^ 
i n c r e a s e d  wi t h  i n c r e a s i n g  s a l i n i t y  and v a r i e d  o v e r  t he  range  o f  
t e s t  s a l i n i t i e s  by f a c t o r s  o f  6 . 1 4 ,  3 . 5 9  and 1 9 . 0  r e s p e c t i v e l y  
( F i g ,  7 ) .  However,  v a l u e s  e x p r e s s e d  as  Cd^4 e x h i b i t e d  a d i f f e r e n t  
p a t t e r n  where maximum v a l u e s  oc c ur r e d  at  i n t e r m e d i a t e  s a l i n i t i e s  
and d e c r e a s e d  a t  e x treme  t e s t  s a l i n i t i e s .
S t e p - w i s e  m u l t i p l e  r e g r e s s i o n  o f  the  9 6 - h m o r t a l i t y  d a t a
produced a second o r d e r  pol ynomial  e q u a t i o n  in which t h e  s i m p l e ,
2 +i n t e r a c t i v e  and s e c o n d - o r d e r  terms f o r  s a l i n i t y  and Cd were  a l l  
h i g h l y  s i g n i f i c a n t  ( Tabl e  5 ) .  The r e g r e s s i o n  was d e t e r mi n e d  a 
p o s t e r i o r i  t o  have a power > 0 . 9 9 .  Though t he  a d d i t i v e  e f f e c t s  o f  
s a l i n i t y  and s a l i n i t y  c o n t r i b u t e d  more t o  t h e  model ( i . e .  r e d u c ­
t i o n  o f  r e s i d u a l  mean square )  than d i d  the  i n t e r a c t i v e  e f f e c t  o f  
s a l i n i t y  and Cd^+ , t h e  l a t t e r  term was s i g n i f i c a n t  a t  t h e  P - 0 . 0 4 ]  
l e v e l .  The e f f e c t  o f  s a l i n i t y  on Cd^4 t o x i c i t y  i s  r e a d i l y  a p p a r e n t  
upon o b s e r v a t i o n  o f  t h e  r e g r e s s i o n  s u r f a c e  g e n e r a t e d  by t h e  
pol ynomi a l  e x p r e s s i o n  ( f i g .  8 ) .  Ho l t  r a t e ,  c a l c u l a t e d  as  
m o l t s / m y s i d  day,  v a r i e d  s i g n i f i c a n t l y  as a f u n c t i o n  o f  Cd^4 , ( Cd^4 }^ 
and t h e  i n t e r a c t i v e  term s a l i n i t y  x Cd^ + (P=G. 035) ;  mo l t  r a t e  
i n c r e a s e d  p r i m a r i l y  as  a f u n c t i o n  o f  i n c r e a s i n g  Cd^4 .
E f f e c t s  erf Che l  a t  i o n  by  N i t r i  l o t r i  a c e t  i c Ac id
Control  m o r t a l i t y  was <3% f o r  a l l  N T A - s a l i n i t y  c o m b i n a t i o n s  
in Experiments  II and I I I ,  LC5Qs , as Cd2 + , d i d  not  var y  s i g ­
n i f i c a n t l y  as a f u n c t i o n  o f  Cdj w i t h i n  t e s t  s a l i n i t i e s  and p o o l e d
TABLE 4 .  Summary o f  m o r t a l i t y  in r e l a t i o n  t o  t o t a l  cadmium, f r e e  
cadmium ion and s a l i n i t y  in s p e c i a t i o n  exper iment  I,  
F i d u c i a l  l i m i t s  (95%) i n d i c a t e d  in p a r e n t h e s e s .
Sal  ini  t y  ( ° / o o )
6______________  14____________ 22_________________ 3_0„_______________ 3B________
% % % % % 
Cdy Cd2+ Dead CdT Cd2 + Dead Cdy Cd2+ Dead CdT Cd2+ Oea J^ CdT Cd24 Dead
< 0 . 2  < . 0 4  0 < 0 . 2  < . 02  3 <0 . 2  <.01 0 < 0 . 2  <.01 0 <0 . 2  <.01 0
6 . 9  1 . 2 9  3 1 9 , 2  1 . 02  3 3 0 . 9  1 .78  0 4 5 . 5  1.74 3 50 .1  1.29 3
1 2 . 0  2 . 2 4  10 2 7 . 0  2 . 5 7  10 4 8 , 6  2 . 82  7 5 6 . 2  2 . 14  7 8 3 . 5  2 . 10  27
14.1  2 . 7 0  43 4 5 . 2  4 . 2 7  67 6 8 , 3  3 . 9 0  33 8 3 . 0  3 . 16  43 124 3 . 17  87
2 4 . 7  4 . 5 8  100 5 5 . 5  5 . 2 5  90 9 2 . 7  5 . 3 8  B7 106 3 . 99  97 164 4 . 1 8  100
3 3 . 4  6 . 18 100 8 2 . 3  7 . 7 8  100 123 7 . 09  100 142 5 . 38  100 217 5.63 100
LC5Q (95% F . L . )  as Cd-p
1 4 . 7  3 8 . 0  7 0 . 4  7 7 , 3  90 .3
( 1 3 . 5 - 1 6 . 2 )  ( 3 4 . 6 - 4 2 . 3 )  ( 6 5 . 0 - 7 6 . 3 )  ( 7 0 . 1 - 8 4 . 5 )  ( 8 2 . 1 - 9 8 . 2 )
LCS0  (95% F . L . )  as  Cd2 + :
2 . 7 5  3 . 61  4 . 06  2 . 93  1 . 11
( 2 . 5 1 - 3 . 0 1 )  ( 3 . 2 8 - 4 . 0 0 )  ( 3 . 7 5 - 4 . 3 9 )  ( 2 . 6 4 - 3 . 2 1 )  ( 2 . 1 0 - 2 . 5 2 )
4 9 .
TABLE 5.  Summary o f  s t e p w i s e  m u l t i p l e  r e g r e s s i o n  on 9 6 h  m o r t a l i t y  
data  from s p e c i a t i o n  e x p e r i m e n t  1 .
Step
Entered
Var i ab l e R2 3 Ln a LD
( d f ) MSr e s i d ( df ) F Change Sig
i Cd2 + 0 , 4 2 6 0 15 . 64 ( 1 ) 0 . 2 4 5 3 (87) 6 4 . 5 7 0 . 0 0 0
2 (Cd2 + ) 2 0 . 6 1 9 6 15.24 ( 2 ) 0 . 0 7 8 0 ( 8 6 ) 1 8 7 . 6 0 . 0 0 0
3 ( S a l ) 2 0 . 6 4 6 6 10 . 49 (3) 0 . 0 6 7 1 (85) 1 4 . 97 0 . 0 0 2
4 Sal 0 , 8 6 9 2 8 . 2 6 6 (4) 0 . 0 4 9 1 (84) 3 2 . 2 4 0 . 0 0 0
5 (Cd2 +) ( S a l ) 0 . 8 9 4 7 6 . 6 5 4 (5) 0 . 0 4 7 2 (83) 4 . 3 3 2 0.041
FIGURE 7. LCrgS c a l c u l a t e d  f o r  t o t a l  cadmium, f r e e  cadmium i o n ,  
and mono- and H i c h l o r o  compl e xe s  as  a f u n c t i o n  o f  e x p o s ur e  s a l i n i t y .
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FIGURE 8 . Re gr e s s i on  s u r f a c e  o f  Cd t o x i c i t y  o v e r  a s a l i n i t y  
range o f  6 t o  38 / o o .
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LCjjqS were  t h e r e f o r e  d e t e r m i n e d  f o r  e a c h  s a l i n i t y  ( T a b l e s  6 and 7 ) .  
The LC^qS appear t o  d e c r e a s e  wi th i n c r e a s i n g  s a l i n i t y  in c o n t r a s t  
t o  t he  r e s u l t s  o f  E x p e r i me n t  1. Lack o f  a g r e e m e n t  f o r  t r e a t m e n t s  
common t o  e x p e r i m e n t s  II and H I  ( i . e .  at  2 4 ° / o °  s a l i n i t y )  
p r e c l u d e s  drawing f i r m  c o n c l u s i o n s  bas e d  on t h e s e  d a t a ,  and f o r  
t h i s  r e a s o n  an a d d i t i o n a l  t e s t  (Exper i ment  IV) was performed u s i n g  
e m p i r i c a l l y  r e f i n e d  l e v e l s  o f  NTA and cadmium t o  b e t t e r  d e f i n e  t h e  
dos e  r e s p o n s e  r e l a t i o n s h i p .
The d i s t r i b u t i o n s  o f  m o r t a l i t y  among a l l  t r e a t m e n t s ,  e x c e p t
t h e  low s a l i n i t y - l o w  Cdy gr oup ,  in Exper i me nt  IV were  s u f f i c i e n t  t o
produce  good e s t i m a t e s  o f  t h e  LC^gS ( a s  Cd^+) ,  which a g a i n  a p p e a r e d
t o  vary  as  a f u n c t i o n  o f  s a l i n i t y  but  not  Cdj ( T a b l e  S ) .  LC^q S
were  n o t  s t a t i s t i c a l l y  d i f f e r e n t  be t we e n  t h e  two Cd^ l e v e l s  a t
2 4 ° / o o  o r  a t  3 4 ° / o °  s a l i n i t y ;  however ,  p o o l e d  LC^gS were
s i g n i f i c a n t l y  d i f f e r e n t  be t ween s a l i n i t i e s .  Though some i n t e r -
e x p e r i m e n t  v a r i a b i l i t y  e x i s t s ,  t he  t r e n d  among Exp e r i me nt s  11 - 1V i s
c o n s i s t e n t  ( F i g .  9 ) .  S t e p - w i s e  m u l t i p l e  r e g r e s s i o n  o f  Exper i me nt
IV d a t a  i n d i c a t e s  t h a t  in a d d i t i o n  t o  Cd^+ and s a l i n i t y  terms
( s i m p l e ,  s e c o n d - o r d e r  and i n t e r a c t i v e ) ,  t h e  NTA i n t e r a c t i o n  w i t h
Cd^+ s i g n i f i c a n t l y  ( P < 0 . 0 0 1 )  a f f e c t s  m o r t a l i t y  ( t e s t  power > 0 . 9 9 )
( Tabl e  9 ) .  Cd^+ and,  t o  a l e s s e r  e x t e n t  NTA x Cd^+ , a f f e c t e d  m o l t
2 +r a t e  (P=O.G108) ,  w h i c h  t e n d e d  to i n c r e a s e  w i t h  i n c r e a s i n g  Cd 
c o n c e n t r a t  i o n .
Acut e  To x i ci  tv o f  N i t r i  l o t n  a c e t i c  Ac i d
The r e s u l t s  o f  Exp e r i me nt  V i n d i c a t e  NTA t o  be r e l a t i v e l y  
n o n t o x i c  at  the c o n c e n t r a t i o n s  employed in cadmium t e s t s .  A
[ABLE 6 . Summary o f  m o r t a l i t y  in r e l a t i o n  to t o t a l  cadmium, f r e e
cadmium ion,  s a l i n i t y  and NTA from s p e c i a t i o n  e xpe r i me n t  II 
F i d u c i a l  l i m i t s  (95%) i n d i c a t e d  in p a r e n t h e s e s .  Control  
m o r t a l i t y  in each N T A - s a l i n i t y  combi nat i on  was <3%.
14
S a l i n i t y ( ° / o o )
24
CdT NTA Cd2+ Dead CdT NTA Cd2 +
%
Dead
45.  7 0 4 .47 63 77.7 0 4 . 2 7 97
1 . 9 5 3 . 24 20 6 . 14 3 . 1 7 77
4 . 4 7 2 . 35 10 1 2 . 6 2 . 2 9 20
6 , 3 5 1. 66 3 2 3 . 0 1 . 6 6 0
13 . 5 1 . 20 3 3 8 . 1 1 . 18 3
2 0 . 9 0 , 85 O 5 7 . 7 0 . 8 5 0
62 . 3
LC5 0 : 4 
0
.02  (3 
6 . 04
. 6 4 - 4 , 7 5 }
100 104 0
2 . 7 5  (2  
5 . 7 7
. 5 6 - 2 . 9 6 )
100
1 . 95 4 . 37 67 5 . 14 4 . 2 7 100
4 , 4 7 3.17 47 1 2 . 6 3 . 0 9 53
8 . 3 5 2 . 25 7 2 3 , 0 2 . 2 5 0
1 3 . 5 1.63 0 38,1 1 . 58 0
2 0 . 9 1 .15 3 57 . 7 1 . 15 0
BOOL Ft)
LC5 o : 3 
LC5 0 : 3
.41 (3.  
.95 (3.
15 3 . 7 1 )  
4 4 - 4 . 7 8 )
3 . 04  (2.  
2 . 5 9  (2.
25 4 . 2 7 )  
42 2 . 78 )
5 4 .
TABLE 7 . Summary o f  m o r t a l i t y  in r e l a t i o n  t o  t o t a l  cadmium, f r e e  
cadmium i on ,  s a l i n i t y  and NTA from s p e c i a t i o n  e x pe r i me n t  III  
F i d u c i a l  l i m i t s  (95%) i n d i c a t e d  in p a r e n t h e s e s .  Control  
m o r t a l i t y  in each N T A - s a l i n i t y  c o mb i n a t i o n  was <3%,
24
Sal  in i t y  ( ° / o o )
34
t d T NTA CdZ +
%
Dead Cd| NTA Cd?+
%
Dead
7 8 . 7 0 4 . 37 77 104 0 3 . 3 9 93
5 . 1 4 3 . 2 3 50 12. 1 2 . 4 6 50
1 2 . 6 2 . 3 4 3 2 9 . 6 1 . 74 3
2 3 . 0 1 . 74 0 5 2 . 6 1 . 26 0
38.1 1 . 2 0 0 8 7 . 3 0 . 91 0
57 . 7 0 . 87 0 135 0 . 6 5 0
LC5 0 : 3 . 3 8  ( 3 . 1 2 - 3 . 7 1 ) 2 . 4 8  (2 . , 3 2 - 2 . 6 8 )
9 1 . 7 0 5 . 02 93 155 0 5 , 0 2 100
5 . 1 4 3 . 7 2 80 12. 1 3 . 6 4 77
1 2 . 6 2 . 7 0 13 29 . 6 2 . 5 7 17
2 3 . 0 1 . 9 6 7 52 . 6 1.87 10
38,1 1 . 38 0 8 7 . 3 1 . 35 3
5 7 . 7 1 . 0 0 0 135 0 , 9 6 0
POOLED
I C ^  3 
LC5G: 3
. 18  ( 2 . 91  
. 30  ( 3 . 1 2
3 . 5 3 )
3 . 5 3 )
2 . 9 2  ( 2 .  
2 . 7 4  (2,
0 8 - 3 . 2 0 )  
5 1 - 3 . 0 6 )
5 5 ,
TABLE 8 . Summary o f  m o r t a l i t y  in r e l a t i o n  t o  t o t a l  cadmium, f r e e
cadmium i on ,  s a l i n i t y  and NTA from s p e c i a t i o n  e x p e r i m e n t  IV,  
F i d u c i a l  l i m i t s  (95%) i n d i c a t e d  in p a r e n t h e s e s .  Control  
m o r t a l i t y  in each N T A - s a l i n i t y  c ombi na t i on  was <3%.
S a l i n i t y  ( / o o )
14___________________  24   34
% % % 
Cdy NTA Cd2+ Dead CdT NTA Cd2+ Dead CdT NTA Cd2+ Dead
5 3 . 8  0 5 . 2 6  46 93 . 7  0  5 . 02  87 163 0 5 . 0 2  100
1 1 . 5  3 . 5 5  93
2 8 . 7  2 . 5 7  37
5 3 . 5  1 . 7 8  20
2 . 5 6  ( 2 . 4 3 - 2 . 6 9 )  
221 0 6 . 7 8  100
1 1 . 5  4 . 91  100
2 8 . 7  3 , 4 7  86
5 3 . 5  2 , 4 1  40
2 . 5 7  ( 2 . 3 8 - 2 . 7 3 )
2 , 51  ( 2 , 4 1 - 2 . 6 1 )
1.91 3 . 8 1 17 5 . 73 3 . 5 5 87
3 . 8 2 2 . 9 6 3 1 1 . 5 2 . 70 37
7 . ^ 4 2 . 0 9 3 H .  9 1.87 )3
LC5 0 : > 5 . 2 6 2 . 7 5 ( 2 . 5 5 - 2 . 9 6 )
73 . 4  O 7 . 0 9 90 125 0 6.62 100
1.91 5 . 1 4 77 5 . 7 3 4 . 69 100
3 . 8 2 3 . 9 9 46 1 1 . 5 3 , 55 90
7 . 6 4 2 . 8 2 3 2 2 . 9 2 . 46 37
LC5 0 : 4 . 2 5 ( 4 , 0 2 - 4 .45) 2 . 6 5 ( 2 . 5 1 - 2 , 7 8 )
POOLED 
LCS 0 : 4 . 6 2 ( 4 . 4 1 - 4 . 8 8 ) 2 . 7 5 ( 2 . 6 5 - 2 . 8 5 )
5 6 .
FIGURE 9.  The e f f e c t  o f  s a l i n i t y  or C<1 t o x i c i t y  in s p e c i a t i o n  
e x p e r i m e n t s  I I - 1V in which Cd was a l t e r e d  by by c h e l a t i o n  w i t h  
NTA. Bars  i n d i c a t e  Bb% c o n f i d e n c e  l i m i t s .
r 5
.0
(**
S
A
LI
N
IT
Y
 
(%
o)
5 8 .
p r e c i p i t a t e ,  presumabl y  NTA, formed in t he  h i g h e s t  doses  ( 3200  
mg/L) o f  the 24 and 3 4 ° / o o  t r e a t m e n t s  and dat a  from t hese  
t r e a t m e n t s  were  t h e r e f o r e  not  used in dat a  a n a l y s i s ,  LC^qS, as  mg 
NTA/L, were 1480  at  M ° / o o ,  961 at  2 4 ° / o o  and 464 at  3 4 ° / ° o  ( F i g .  
1 0 ) .  T h e r e f o r e ,  even t h e  h i g h e s t  NTA c o n c e n t r a t i o n  employed in  
Exper i me nt  IV ( 5 3 . 5  mg/L) was o n l y  about  U S  o f  t h e  LC^ q f o r  t h a t  
s a l i n i t y .  These  r e s u l t s  a l l o w e d  f o r  q u a n t i t a t i v e  c on p a r i so n  o f  
E x p e r i me nt s  I and [V, u s i n g  t h e  a d d i t i v e  index method o f  Harki ng  
( 1 9 8 5 ) .  A d d i t i v e  i n d i t e s  o f  - 0 . 2 0 1 ,  0 . 3 7 8  and - 0 . 0 0 9  i n d i c a t e  l e s s  
than a d d i t i v e ,  g r e a t e r  than a d d i t i v e  and s i mpl e  a d d i t i v e  t o x i c i t y  
at  14 ,  24 and 3 4 ° / o o  r e s p e c t i v e l y  ( Tabl e  1 0 ) .  These  r e l a t i o n s h i p s  
ar e  appar e nt  when t he  LC^qS ( a s  Cd^+ ) o f  t h e  two e x p e r i m e n t s  are  
compared g r a p h i c a l l y  ( F i g .  11) .
Pi s c u s s i o n
The REDEQL.EPAK program r e l i a b l y  c a l c u l a t e d  Cd c o n c e n t r a ­
t i o n s  when compared to  measured l e v e l s  g r e a t e r  than 10 ( 1 1 2
ug/ L)  . Though t h e  l i m i t  o f  d e t e c t i o n  o f  t l ie Cd e l e c t r o d e  i s  
s u p p o s e d l y  1 0 (Annonymous,  1 9 7 0 ) ,  o t h e r s  have fourd t h e  e l e c ­
t r o d e  t o  be l e s s  s e n s i t i v e  ( Ga r d i n e r ,  1974)  as w e l l  i s  e r r a t i c  in  
t h e  10 range  ( Pa r t  e t  a j ri , 1 9 8 5 a ) .  The non l i n e a r i t y  d f  s t a n ­
dard c a l i b r a t i o n  c u r v e s  and l o n g  r e s p o n s e  t ime o f  the e l e c t r o d e  
o b s e r v e d  in t h e  p r e s e n t  s tu d y  at  c o n c e n t r a t i o n s  <1 0  Cd^f s upport  
t h e  u n r e l i a b i l i t y  o f  t he  e l e c t r o d e  in t h i s  c o n c e n t r a t i o n  r a n g e .  
Fu r t he r mor e ,  s i n c e  r e l a t i v e  s p e c i a t i o n  changes  o n l y  as a f u n c t i o n  
o f  s a l i n i t y  a t  l ow Cd c o n c e n t r a t i o n s  as d e mo n s t r a t e d  in s t u d i e s
TABLE 9 .  Summary o f  s t e p - w i s e  m u l t i p l e  r e g r e s s i o n  on 96- h m o r t a l i t y  
dat a  from s p e c i a t i o n  exper iment  IV.
Step Vari  a b l e R MSreg ( df ) MSr e s i d ( d f ) E Change s i g
1 Cd2+ 0 . 5 7 3 9 2 3 . 0 6 ( 1 ) 0 . 1 6 1 6 ( 10 6 ) 142 .7 0 . 0 0 0
2 (Cd2 + ) ? 0 . 6 9 5 4 1 3 . 9 7 m 0 . 11 6 6 { 105) 4 1 . 9 1 0 . 0 0 0
3 (Cd2 + >(SalJ 0 . 7 8 5 5 1 0 . 5 2 0 . 08 2 9 ( 1 0 4 ) 4 3 . 6 3 0 . 0 0 0
4 Sal 0 . 8 4 5 0 8 . 4 9 0 (4J 0 . 06 0 5 { 103) 3 9 . 5 8 0 . 0 0 0
5 (Cd2 + )(NTA) 0 . 8 7 3 9 7 . 0 2 4 (5) 0 . 04 9 7 { 1 0 2 ) 23 . 3 3 0 . 0 0 0
6 ( S a l ) 2 0 . 88 8 3 5 . 9 5 0 ( 6 ) 0 . 04 4 4 ( 1 0 1 ) 1 3 . 0 9 0 . 0 0 5
59
FIGURE 1 0 . LCr0 s o f  NTA in r e l a t i o n  to e x p o s u r e  s a l i n i t y .  Bars  
i n d i c a t e  95% f i d u c i a l  l i m i t s .
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TABLE 10. NTA-cadmium a d d i t i v e  t o x i c i t y  a s s e s s me n t  a f t e r  t h e  method o f  
Marking ( 1 9 7 7 ) .  LCtqS at  24 / o o  and 34 / qq o b t a i n e d  by 
i n t e r p o l a t i o n  o f  s p e c i a t i o n  expe r i ment  1 r e s u l t s .
S a l i n i t y
r/oo)
A d d i t i v e  Index Range Magni f i c a t i o n  
Fac t or
14 - 0 . 281 { - 0 . 1 0 3  t o  - 0 . 4 8 9 ) 0 . 7 8 1
24 0 . 3 7 8 ( 0 . 20 6  t o  0 . 5 4 2 ) 1 , 3 8
34 ■0.009 ( - 0 . 1 9 4  t o  0 . 1 3 0 ) 1 . 01
61
2+
FIGURE 11.  Comparison o f  e f f e c t s  of  s a l i n i t y  on Cd t o x i c i t y  in  
s p e c i a t i o n  e x p e r i m e n t s  I and IV.
6 ?
( 1 / h P Do  in o  in q 10 o
m C  ^  ro to c\i c\j
i„  ____  ■ -------- -— j --------   1---------- ———j----------------- 1---------.---- .— i-
r----------- ——r---------- -—i------- t i - t t r
' J O ' ^ c v j o o ^ r O a ?
t t  ^  r O  r O  CVI O J  c v
(*♦ PO
6 3 .
e m p l o y i n g  a n o d i c  s t r i p p i n g  v o l t a mme t r y  (Bubic  and B r a n i c a ,  1 9 7 3 ) ,  
t h e  model  can be presumed t o  be v a l i d  at  low t d ^ + c o n c e n t r a t i o n s  as  
e v i d e n c e d  by i t s  e x c e l l e n t  a g r e e m e n t  w i t h  measured v a l u e s  at  Cd^ + 
l e v e l s  w i t h i n  t he  d e t e c t i o n  l i m i t s  o f  t he  e l e c t r o d e .  Though 
p r e d i c t i o n  o f  c a d m i u m - c h l o r o  c o m p l e x e s  ( i . e  CdCl+ and CdCl^) was 
n o t  v e r i f i e d ,  a r e l a t i v e l y  h i g h  d e g r e e  o f  c o n f i d e n c e  can pr o ba b l y  
be a s s o c i a t e d  w i t h  c a l c u l a t o n  o f  t h e s e  s p e c i e s  due  t o  t he  smal l  
u n c e r t a i n t i e s  in t h e i r  f o r m a t i o n  c o n s t a n t s  ( Zue h l ke  and Byrne ,
1 9 8 4 ) .
R o b e r t s  e t  a l , ( 1 9 8 2 )  r e p o r t e d  L C ^ s  ( a s  Cdj)  o f  17 t o  29 ug/L  
f o r  bah i  a e x p o s e d  a t  Z0Q/ o o  and 22°C whereas  t h e  p r e s e n t  s t u d y  
o b t a i n e d  an LC^q ( f r o m  g r a p h i c a l  i n t e r p o l a t i o n  o f  F i g ,  7) o f  ab o u t  
62 u g / L  a t  t h i s  s a l i n i t y .  S i m i l a r l y ,  Nimma e t  a l ^  ( 1 9 7 7 )  found a 
much l o w e r  LC^q ( 1 5 . 5  u g / L ) ,  a l t h o u g h  the v a r i a b l e  t e m p e r a t u r e s  
( 2 5 - 2 8 ° C )  and s a l i n i t i e s  ( 1 0 - 1 7 ° / o o > o f  t ha t  s t u d y  p r e c l u d e  d i r e c t  
c o m p a r i s o n .  The r e s u l t s  o f  t h e  p r e s e n t  s t u dy  d i d  however  a g r e e  
w e l l  w i t h  t h o s e  o f  G e n t i l e  e t  a l . ( 1 9 8 2 )  ( 110  ug/L a t  3 0 ° / o o  and 
21°C)  and Voyer  ( P .  A. Voyer ,  p e r s o n a l  c ommuni c a t i on)  (34 ug/ L a t  
1 0 ° / o o ,  6 6  ug / L at  2 0 ° / o o  and 80 ug/L at  3 0 ° / o o ;  t e m p e r a t u r e  
m a i n t a i n e d  a t  2 0 ° C ) ,
The r e s u l t s  o f  Exper i ment  I s u g g e s t  t h a t  t h e  f r e e  ( o r  
h y d r a t e d )  cadmium i o n  i s  t h e  t o x i c  s p e c i e s  s i n c e  e x p r e s s i o n  o f  
e x p o s u r e  in t erms  o f  t h i s  s p e c i e s  b e s t  a c c o u n t s  f o r  t o x i c i t y  w i t h i n  
t he  r a n g e  o f  s a l i n i t i e s  empl oye d ,  l h e  r e s u l t s  o f  e x p e r i m e n t s  1 1 -
IV, wh e r e  t o x i c i t y  e x p r e s s e d  as Cd + was u n a f f e c t e d  by Cdj at  a
g i v e n  s a l i n i t y ,  s u p p o r t  t h i s  c o n c l u s i o n ,  S i m i l a r  c o n c l u s i o n s  were
r e a c h e d  by Sunda e t  al  , ( 1 9 7 8 )  and Engel  and Fo wl e r  ( 1 9 7 9 )  in t h e i r
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‘i n v e s t i g a t i o n s  o f  the s a l i n i t y  e f f e c t  on cadmium t o x i c i t y ;  i n d e e d ,
24t he  not i on  t h a t  Cd i s  t h e  t o x i c  s p e c i e s  has  g a i n e d  near  u n i v e r s a l  
ac c ept anc e .  Though t he  permeabi 1 i t y  o f  cadmium c h l o r o  c omp l e xe s  
through l i p i d  b i l a y e r  membranes i s  g r e a t e r  than f o r  t he  f r e e  i o n ,  
the  l a t t e r  i s  most  l i k e l y  more b i o a v a i l a b l e  due t o  c a r r i e r  m e d i a t e d  
t rans por t  a c r o s s  c e l l  membranes {Gut knec ht ,  1983;  A h l e r s  and 
f tostck,  1986} .  However,  as  noted by Sunda e t  a l . ( 1 9 7 8 ) ,  t h e  smal l  
d i f f e r e n c e s  in a c t i v i t y  c o e f f i c i e n t s  among t e s t  s a l i n i t i e s  in t h e  
pres ent  as w e l l  as o t h e r  s t u d i e s  p r e c l u d e s  d e t e r m i n i n g  wh et he r  
t o x i c i t y  i s  a f u n c t i o n  o f  cadmium i on  a c t i v i t y  or  c o n c e n t r a t i o n ,
Sunda e t  a l ^  (1978J and Engel and Fowler ( 1979)  propos ed  t h a t  
t he  s a l i n i t y  e f f e c t  on Cd^ t o x i c i t y  i s  p r i m a r i l y  a f u n c t i o n  o f  
r e l a t i v e  c ha n g e s  in f r e e  cadmium ion a c t i v i t y  a s s o c i a t e d  w i t h  
changes in s a l i n i t y ,  and hence c o m p l e x a t i o n  by c h l o r i d e  i on .  The  
r e s u l t s  o f  t h e  p r e s e n t  s t u d y  i n d i c a t e  t h a t  s a l i n i t y  may a f f e c t  the  
t o x i c i t y  o f  t h e  f ree  cadmium ion to  bahi a  by n e a r l y  t w o f o l d  
ove r  a s a l i n i t y  range o f  6 to  38°/0Q w i t h  maximum t o l e r a n c e  
oc curr i ng  a t  i n t e r m e d i a t e  s a l i n i t i e s .  The use  by o t h e r  
i n v e s t i g a t o r s  o f  s impl e  f a c t o r i a l  d e s i g n s  may have p r e v e nt e d  
observance o f  t h i s  t r e n d  due to the s t r o n g  s a l i n i t y  e f f e c t  on Cdy 
t o x i c i t y  and r e s u l t i n g  i n a b i l i t y  t o  p r e c i s e l y  d e f i n e  m o r t a l i t y  a t  a 
l i mi t e d  number o f  f i x e d  Cd^ l e v e l s  o v e r  a wide r ange  o f  s a l i n i t i e s .
It  i s  a l s o  p o s s i b l e ,  though d o u b t f u l ,  t h a t  t h e  obs e r ve d  
s a l i n i t y  e f f e c t  on Cdl^+ t o x i c i t y  i s  uni que  to f f  b a h i a  or t h a t  t h e  
animals were n o t  f u l l y  accl i i s i ated to  the  t e s t  s a l i n i t i e s .
Mvsidopsi s  b a h i a  i s  t o l e r a n t  of  a w i d e  range o f  s a l i n i t i e s  and 
fur ther  s a l i n i t y - r e l a t e d  m o r t a l i t y  or o s mo t i c  p e r t u r b a t i o n  woul d
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no t  be e x p e c t e d  f o l l o w i n g  a 1-d a c c l i m a t i o n  p e r i o d  ( s e e  Chapters  I 
and I I ) ;  e x i s t e n c e  o f  a s a l i n i t y  e f f e c t  on Cd2 + t o x i c i t y  w i t h i n  t he  
p a r t i c u l a r l y  n o n - s t r e s s f u l  range o f  )4 to 3 0 ° / ° o  f u r t h e r  s upp o r t s  
such a c o n c l u s i o n .  S i m i l a r  r e s p o n s e s  might  be e x p e c t e d  o f  o t h e r  
e s t u a r i n e  mysid s p e c i e s  as s u g g e s t e d  by s i m i l a r  i n t e r s p e c f e s  
r e s p o n s e s  t o  t o x i c a n t s  ( G e n t i l e  e t  a l . ,  1982; Rob er t s  e t  al  ■,
1 98 2 ) ,  s a l i n i t y  t o l e r a n c e s  and o s mo r e g u l a t o r y  c a p a c i t i e s .
The i s o s m o t i c  po i n t  o f  hf bahia  ( 2 4 ° / o o ;  s e e  Chapter  I)
c o i n c i d e s  c l o s e l y  wi t h  t h e  s a l i n i t y  ( 2 2 ° / o o )  a t  which maximum
t o l e r a n c e  was obs e r ved  in Experiment  1, s u g g e s t i n g  t h a t  i n t e r a c t i o n  
2+o f  Cd w i t h  o s m o t i c / i o n i c  r e g u l a t o r y  mechanisms may be a f a c t o r  
r e g u l a t i n g  t h e  e f f e c t  o f  s a l i n i t y .  Al t hough i t  i s  u n c e r t a i n  
w h e t h e r  t o x i c i t y  i s  a f u n c t i o n  o f  Cd24 c o n c e n t r a t i o n  or  a c t i v i t y  
( e . g .  Sunda £ i  a l ^ ,  1 9 7 8 ) ,  i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t ,  when 
LC50  v a l u e s  a r e  e x p r e s s e d  in terms o f  Cd24 a c t i v i t y  by use  o f  t h e  
Da v i e s  e q u a t i o n  ( D a v i e s ,  1 967 ) ,  a p a t t e r n  s u g g e s t i v e  o f  
o s m o r e g u l a t o r y  d i s r u p t i o n  p e r s i s t s .  LC^gS in terms o f  Cd2+ 
a c t i v i t y  i n c r e a s e  o n l y  s l i g h t l y  from 6 to  2 2 ° / o o  but  d e c r e a s e  by a 
f a c t o r  o f  a l mo s t  two from 22 t o  3 B ° / o o ,  a r e f l e c t i o n  o f  t h e  no n­
l i n e a r  change in t h e  a c t i v i t y  c o e f f i c i e n t  as a f u n c t i o n  o f  
s a l i n i t y .  A l t e r a t i o n  o f  o s mot i c  r e g u l a t i o n  f o l l o w i n g  e xpos ur e  to  
cadmium at near  t o x i c  c o n c e n t r a t i o n s  has  been d e mo n s t r a t e d  in a 
v a r i e t y  o f  marine  and e s t u a r i n e  organi sms  (Thurberg e t  a l . , 1973;  
J o n e s ,  1975; A l d e r d i c e  e t  a l . ,  1979; Ojerregaard and V i s i l e ,
1 9 8 5 a ) .  S i n c e  cadmium t r a n s p o r t  a c r o s s  c e l l  membranes appears  to  
be p r i m a r i l y  an a c t i v e  p r o c e s s  (Gutriecht ,  1983;  A h l e r s  and R o s i c k ,  
1 9 8 6 ) ,  i t  i s  a l s o  c o n c e i v a b l e  t h a t  c a r r i e r  p r o t e i n  a c t i v i t y ,  and
6 6 .
h e n c e  u p t a k e ,  may a l s o  be a f f e c t e d  by o t h e r  d i v a l e n t  c a t i o n s  in  
s e a w a t e r .
P h y s i c o - c h e m i c a l  f a c t o r s  may a l s o  e x p l a i n ,  at  l e a s t  in p a r t ,  
t h e  o b s e r v e d  e f f e c t  o f  s a l i n i t y  on Cd^4 t o x i c i t y .  The pH o f  t h e  
e x p o s u r e  medium d e c r e a s e d  n a t u r a l l y  wi t h  s a l i n i t y  as t he  d i f f e r e n t  
s a l i n i t y  r e g i m e s  w e r e  not  b u f f e r e d  to  a common pH in order  to  avoi d  
an a r t i f i c i a l  s i t u a t i o n .  E f f e c t s  o f  pH were probabl y  n e g l i g i b l e ,  
h o w e v e r ,  as  t he  s l i g h t  e f f e c t s  o f  pH on s p e c i a t i o n  were account ed  
f o r  by t h e  REDEQL-EPAK mode l .  A l s o ,  based on t he  r e s u l t s  o f  
f r e s h w a t e r  s t u d i e s  i n  which t he  e f f e c t s  o f  pH have  beer s t u d i e d ,  
t h e  d e c r e a s e  in pH (ca^ 0 , 6  u n i t )  between t he  h i g h e s t  and l o w e s t
2  +  is a l i n i t i e s  would be  e x p e c t e d  to  a m e l i o r a t e  Cd t o x i c i t y  due t o  H 
c o m p e t i t i o n  f o r  b i n d i n g  s i t e s  {Campbel l  and S t o k e s ,  1985) ,  a 
r e s p o n s e  n o t  o b s e r v e d  in t h i s  s t u d y ;  perhaps  t h e  high i o n i c  
s t r e n g t h  o f  d i l u t e d  s e a w a t e r  mi n i mi z e s  e f f e c t s  o f  hydrogen ion  
c o m p e t i t i o n .
The e f f e c t  o f  s a l i n i t y  may be in par t  a r e f l e c t i o n  o f  changes  
i n  a mb i e n t  c a l c i u m  c o n c e n t r a t i o n s  which oc c u r  c onc omi t ant  wi t h  a 
c h a n g e  i n  s a l i n i t y  as  s u g g e s t e d  by the r e s u l t s  o f  s t u d i e s  in which  
t h e  a d d i t i o n  o f  c a l c i u m  t o  s a l i n e  media brought  about  a r e d u c t i o n  
in  cadmium t o x i c i t y  and upt ake  (Wri ght ,  1977,  Wright  and Fraln  
1981b;  We i s ,  1 9 7 8 ) .  The appar e nt  i n c r e a s e  in mo l t  r a t e  wi t h  
i n c r e a s e d  cadmium e x p o s u r e  o b s e r v e d  in t he  p r e s e n t  s tudy c ou l d  be 
due t o  m o l t - r e l a t e d  s e n s i t i v i t y  to  cadmium. Because  the r o l e  o f  
c a l c i u m  may be i mp o r t a n t  in e x p l a i n i n g  such p r o c e s s e s  d e t a i l e d  
d i s c u s s i o n  o f  t h i s  m a t t e r  i s  r e s e r v e d  f o r  Chapter  IV,
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Though t he  r e s u l t s  o f  Exper i ment s  11 - 1V support  t h e  c o n c l u s i o n
2 +t h a t  the f r e e  ion i s  t he  primary t o x i c  s p e c i e s ,  the  p a t t e r n  o f  Cd 
t o x i c i t y  as  a f u n c t i o n  o f  s a l i n i t y  was in marked c o n t r a s t  t o  t h a t  
found in Exper i ment  ] .  E a r l i e r  s t u d i e s  in which s i m i l a r  l e v e l s  o f
a
NTA were us e d  to  var y  Cd 4 a c t i v i t y  were  performed at  a s i n g l e  
s a l i n i t y  ( e . g .  Sunda e t  a l ^ ,  1978;  Engel  and Fowler ,  1979)  and such  
an e f f e c t  h a s  t hus  n o t  been p r e v i o u s l y  obs e r ved .
The t o x i c i t y  o f  NTA a l o n e  t o  £L. bahi a  was comparable  t o  t h a t  
r e p o r t e d  f o r  o t h e r  m a c r o i n v e r t e b r a l e s  and was a l s o  found t o  
i n c r e a s e  w i t h  i n c r e a s i n g  s a l i n i t y  which i s  in c o n t r a s t  t o  t h e  
r e s u l t s  o f  E i s l e r  e t  <lL ( 1 9 7 2 ) .  These workers  r e p o r t e d  g r e a t e r  
m o r t a l i t y  in Fundulus  h e t e r o c l i t u s  a l  5 and 15° / oo  than at  25 and 
3 5 ° / o o  s a l i n i t y  a f t e r  6 h e x p o s u r e  to  8 , 0 0 0  mg/L o f  t he  sodium s a l t  
o f  NTA . The s ho r t  e x p o s u r e  t i m e ,  l a c k  o f  r e p l i c a t i o n  and use  o f  a 
s i n g l e  nominal  c o n c e n t r a t i o n  d e t r a c t  from any compari sons  which  
mi ght  be made between t h e  p r e s e n t  s t u d y  and t h a t  o f  E i s l e r  and 
c owor ke r s .  Al t hough  t he  form o f  NTA employed ( i . e .  f r e e  a c i d  or  
sodium s a l t )  would not  be e x p e c t e d  t o  a f f e c t  t o x i c i t y  (Anderson and 
Campbel l ,  1 9 8 5 ) ,  t h i s  a l s o  c annot  be e l i m i n a t e d  as a p o s s i b l e  
f a c t o r  e x p l a i n i n g  t h e  o p p o s i ng  e f f e c t s  o f  s a l i n i t y  ob s e r v e d  in t h e  
two s t u d i e s .  Based on s t u d i e s  o f  t he  e f f e c t  o f  wat er  h a r d n e s s ,  i t  
has been h y p o t h e s i z e d  t h a t  NTA t o x i c i t y  oc c ur s  p r i m a r i l y  when t h e  
a c t i v i t i e s  o f  Ca^+ and Mg^+ are  reduced below the  molar  e q u i v a l e n c e  
p o i n t  and f r e e  a n i o n i c  NTA i s  formed (Anderson and Campbel l ,  19B5) ,  
The r e s u l t s  o f  t he  p r e s e n t  s t udy  s u g g e s t  an a d d i t i o n a l  mechanism 
c o n t r o l l i n g  NTA t o x i c i t y  as a f u n c t i o n  o f  ambient  s a l i n i t y .
Se ve r a l  mechanisms might  be proposed:  1) s a l i n i t y - d e p e n d e n t
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2 +a l t e r a t i o n  o f  c a l c i u m  met abo l i s m i n t e r a c t s  w i t h  a v a i l a b l e  Ca and
NTA  ^ , 2}  CaNTA and MgNTA are b i o a v a i 1a b l e ,  or ,  3 )  s i n c e  NTA uptake
probabl y  o c c u r s  p r i m a r i l y  by p a s s i v e  d i f f u s i o n  ( Ro s i c k  £ t  a l . .
1985) ,  u p t a ke  o f  NTA i s  o s m o t i c a l l y  d r i v e n ,  i . e .  a g r e a t e r  f l u x  o f
the  compound i n t o  hypoos mot i c  an i ma l s  a t  high s a l i n i t i e s  and
reduced f l u x  i n t o  h y p e r o s mo t i c  a n i ma l s  at  low s a l i n i t i e s .  S i n c e
the d i r e c t  c o n t r i b u t i o n  o f  NTA t o  m o r t a l i t y  was n e g l i g i b l e  in
Exper i me nt s  11 - 1 V, however ,  the  p a t t e r n  o f  NTA t o x i c i t y  d o e s  not
2 +e n t i r e l y  e x p l a i n  t h e  t re n d  in ( as  Cd ) f ound in t h e s e
e x p e r i m e n t s .
The e f f e c t  o f  NTA on Cd?+ t o x i c i t y  o b s e r v e d  in Exper i me nt s  I I -  
IV c o u l d  be due in p a r t  t o  c h e l a t i o n  o f  Ca and a r e s u l t a n t  
d e c r e a s e  i n  any s p a r i n g  e f f e c t s  t h i s  c a t i o n  mi ght  o t h e r w i s e  e x e r t  
as  i t s  a c t i v i t y  i n c r e a s e s  wi th s a l i n i t y ;  though t o t a l  c a l c i u m  
i n c r e a s e s  about  2 . 5  f o l d  from M ° / ^ °  to 3 4 ° / o o  s a l i n i t y ,  i t  was 
n e c e s s a r y  t o  i n c r e a s e  NTA c o n c e n t r a t i o n s  by 6 t o  7 f o l d  o v e r  t h i s  
s a l i n i t y  range  t o  o b t a i n  d e s i r e d  Cd^+ c o n c e n t r a t i o n s .  S e v e r a l  
workers  have  d e mo n s t r a t e d  a p r o t e c t i v e  e f f e c t  o f  c a l c i um  on cadmium 
t o x i c i t y / u p t a k e  t o  m a r i n e  c r u s t a c e a n s  (Wright 1977,  Wright  and 
Frain 1981b;  Weis ,  1978)  and r e d u c t i o n  o f  Ca^+ by a c h e l a t o r  c ou l d  
t h e r e f o r e  c o n c e i v a b l y  i n c r e a s e  Cd^ 4 t o x i c i t y .  I n t e r e s t i n g l y ,  
however ,  cadmium e x e r t e d  a s i m i l a r  e f f e c t  on m o l t  r a t e  as  o b s e r v e d  
in Exper i ment  I but t h e  r e g r e s s i o n  c o e f f i c i e n t  ( i . e .  s l o p e )  in the  
NTA e x p e r i m e n t  ( 0 . 0 1 7 )  i s  near l y  t w i c e  t h a t  o f  t h e  e a r l i e r  
e x p e r i m e n t  ( 0 . 0 0 9 ) ,  a l t h o u g h  the  s l o p e s  are  not  s i g n i f i c a n t l y  
d i f f e r e n t  (ANCQVA, P = 0 . 2 4 8 ) .
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Another  p o s s i b i l i t y  i s  that  membrane t r a n s p o r t  p r o t e i n s  
e f f e c t i v e l y  compete wi t h  NTA f or  a v a i l a b l e  Cd^+ as  s u g g e s t e d  by 
A h l e r s  and R o s i c k  ( 1906)  in t h e i r  s tudy on Cd/NTA uptake  k i n e t i c s  
in  y e a s t .  S i m i l a r l y *  uptake o f  Cd by p e r f u s e d  g i l l s  from Salmo 
g a i r d n s r i  Ri ch in t h e  presence  o f  EDTA and c i t r a t e  c ou l d  no t  be 
a c c ount e d  f o r  on t he  b a s i s  o f  measured Cd^+ a l o n e  ( Par t  and 
Wlkmark, 1 9 8 4 ) ;  uptake  was much g r e a t e r  in the  p r e s e n c e  o f  c i t r a t e ,  
and s l i g h t l y  l e s s  in the  presence  o f  EDTA, than p r e d i c t e d  on the  
b a s i s  o f  C d ^  . EDTA has a much g r e a t e r  a f f i n i t y  f o r  Cd than  
c i t r a t e  and,  though t h e s e  authors  s u g g e s t e d  upt ake  o f  t h e  Cd 
c i t r a t e  complex a n d / o r  r e duc t i on  o f  c a l c i um as mechanisms f o r  
enhanced u p t a k e ,  g r e a t e r  a b i l i t y  o f  s u r f a c e  t r a n s p o r t  p r o t e i n s  to  
e f f e c t i v e l y  compete wi t h  c i t r a t e  f or  Cd remains  a p l a u s i b l e  
e x p l a n a t i o n  f o r  t he  d i s p a r i t y  obs e r ved  between t h e  e f f e c t s  o f  the  
two c h e l a t o r s .
In c o n c l u s i o n ,  t o x i c i t y  of  cadmium to  fL b a h i a  appears  t o  be
HI
p r i m a r i l y  a f u n c t i o n  o f  Cd * c o n c e n t r a t i o n  or a c t i v i t y .  S a l i n i t y  
s i g n ! f i c a n t l y  i n t e r a c t s  wi th Cd2+ t o x i c i t y  and may produce  a near  
d o u b l i n g  o f  a c u t e  t o x i c i t y  of  the  metal  ion w i t h i n  t h e  s a l i n i t y  
t o l e r a n c e  range  o f  t h e  organism.  The e f f e c t  o f  s a l i n i t y  may be due 
t o  cadmium impairment  o f  s a l i n i t y - d e p e n d e n t  p h y s i o l o g i c a l  f u n c t i o n s  
a n d / o r  i n t e r a c t i o n  wi t h  chemical  c o n s t i t u e n t s  o f  t he  medium, The 
p r e s e n c e  o f  a r t i f i c i a l  l i g a n d s ,  such as NTA, in t h e  e x p o s u r e  medium 
may conf ound Cd^+ t o x i c i t y  and the r o l e  of  l i g a n d s  in r e g u l a t i n g  
Cd^+ t o x i c i t y  remains  to  be det ermined.
EFFFCTS OF CALCIUM
I n t r o d u c t i o n
The e f f e c t  o f  s a l i n i t y  on cadmium t o x i c i t y  has  been a t t r i b u t e d
t o  calc ium-cadmiurn i n t e r a c t i o n s  {Wr i ght ,  1977;  Wr i ght  and F r a i n ,
1981b) ,  Exper i ment s  in which c a l c i u m  c o n c e n t r a t i o n s  were  a l t e r e d
us i ng  a r t i f i c i a l  s e awat e r  p r e p a r a t i o n s  d e m o n s t r a t e d  an a n t a g o n i s t i c
e f f e c t  o f  c a l c i u m  on cadmium u p t a k e  in Car c i nus  maenas  ( I . )  and a
spar i ng  e f f e c t  on t o x i c i t y ,  but n o t  upt ake ,  in t h e  marine  amphipod
Marlnogamfflarus o b t u s a t u s  (Leach)  ( Wri ght ,  1977; Wright  and F r a i n ,
1981a) .  Furthermore ,  c a l c i u m  markedly  s u p p r e s s e d  uptake  and
t o x i c i t y  o f  cadmium in t h e  f r e s h w a t e r  c r u s t a c e a n  Gammarus p u l e x
( L . ) ,  prompt i ng  t h e  s u g g e s t i o n  t h a t  c a l c i um  i n t e r a c t i o n  may n o t  be
as g r e a t  in marine  as in f r e s h w a t e r  forms { Wr i g h t ,  1980;  Wright  and
Frain,  1981b) .  Al t hough  v a r y i n g  t h e  i o n i c  c o m p o s i t i o n  o f  t h e
ex p o s u r e  medium mi ght  r e s u l t  in s i g n i f i c a n t  c h a n g e s  in t h e  c h e m i c a l
s p e c i a t i o n  o f  cadmium, t h e  e f f e c t  o f  c a l c i u m  on cadmium t o x i c i t y
and upt ake  in f r e s h w a t e r  o r g a n i s m s  has a l s o  been o b s e r v e d  in
i n s t a n c e s  where e x p o s u r e  was e x p r e s s e d  in terms o f  measured or  
2 +c a l c u l a t e d  Cd , r a t h e r  than t o t a l  cadmium {Lake e t  a h ,  1979;  
Calamari  e t  a_L, 19BQ; P a r t  e t  a L  1 9 8 5 a ) .  Magnesium has a l s o  
r e c e i v e d  some a t t e n t i o n  r e g a r d i n g  p o t e n t i a l  f o r  cadmium i n t e r a c t i o n  
but has been found to  e x e r t  a mi n o r  e f f e c t  r e l a t i v e  to  t h a t  o f
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c a l c i u m  (Carrol  e t  a l . , 1979; Part  e t  a L ,  I98Ba;  Mi c h i ba t a  e t  a l . ,
1986) .
The purpos e  o f  t h i s  s tudy was t o  examine t h e  r o l e  o f  c a l c i u m  
in e x e r t i n g  a s a l i n i t y  e f f e c t  on Cd^+ t o x i c i t y  in fL b a h i a .
M a t e r i a l s  and Methods
Uni f or m- age d  a n i ma l s ,  o b t a i n e d  u s i ng  t h e  method d e s c r i b e d  
e a r l i e r  ( Chapt er  I ) ,  were  randomly a l l o t e d  t o  3 aquar i a  c o n t a i n i n g  
f i l t e r e d  (1 urn) Fi nney  Creek (Wachapreague,  VAJ water  d i l u t e d  wi t h  
d e i o n i z e d  wat e r  t o  2 G°/oo;  t he  s a l i n i t y  o f  each h o l d i ng  t ank  was 
t he n  a d j u s t e d ,  by a d d i t i o n  o f  Finney Creek b r i n e  or  d e i o n i z e d  
w a t e r ,  o v e r  a t h r e e  day p e r i o d  t o  t hat  o f  a c o r r e s p o n d i n g  t e s t  
s a l i n i t y .  Temperature  was s i m i l a r l y  a d j u s t e d  from t he  h a r v e s t  
t emp e r a t u r e  ( 2 5 - 2 7 ° C )  t o  22°C.  Fo l l o w i n g  t h e  adj us t me nt  p e r i o d ,  
an i mal s  were h e l d  a t  t he  a c c l i m a t i o n  s a l i n i t y  f o r  four  d a y s .
During t he  a c c l i m a t i o n  phase food and water  q u a l i t y  were  m a i n t a i ne d  
as  p r e v i o u s l y  d e s c r i b e d  (Chapter  1) ,
As in e a r l i e r  e x p e r i m e n t s ,  t e s t s  were performed in i n c u b a t o r s  
m a i n t a i n e d  a t  a t e mpe r a t u r e  o f  22°C wi th a l i g h t : d a r k  c y c l e  o f  
1 4 : 1 0 .  Mys ids  were f e d  a t  a r a t e  o f  20 30 n a u p l i i / m y s i d / d a y ; p r i o r  
t o  a d d i t i o n  o f  new f ood each day,  dead n a u p l i i  and d e b r i s  were  
removed from e x p o s u r e  bowl s .  D i s s o l v e d  oxyge n ,  pH, s a l i n i t y  and 
t emp e r a t u r e  were  moni t or e d  d a i l y .  Water s amp l e s  (5 ml)  were  
c o l l e c t e d  from a l l  bowls  on day 0 and upon t e r m i n a t i o n  and a n a l y z e d  
f o r  cadmium c o n c e n t r a t i o n  by methods p r e v i o u s l y  d e s c r i b e d  (Chapter  
I I I ) .  Cadmium s p e c i a t i o n  was c a l c u l a t e d  u s i n g  t h e  REDEQL-EPAK 
program.
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The e f f e c t  o f  c a l c i um on cadmium t o x i c i t y  was examined by us e  
o f  a d e s i g n  s i m i l a r  to  t ha t  used by Wright (1977)  in h i s  s t u dy  o f  
c a l c i u m  e f f e c t s  on cadmium uptake in shore c r a b s .  A r t i f i c i a l  
s e a wa t e r  (ASH) was prepared by the  formula o f  K e s t e r  e l  a l ■ (1967)  
e x c e p t  t ha t  c a l c i u m  c h l o r i d e  was exc l uded  from t he  p r e p a r a t i o n ;  
t r a c e  me t a l s  were  removed us ing Chelex-IQQ r e s i n  ( Bi o - Rad)  a f t e r  
t he  method o f  Uavey e t  aL. ,  ( 1970) .  Calcium s t o c k  s o l u t i o n  
(CaCl^ZH-jO £00 g / L)  was s i m i l a r l y  c l e a n e d  up wi t h  Ch e l e x - 1 0 0  and 
added to  d i l u t i o n s  o f  Ca - f r e e  A5W to y i e l d  n i ne  s a l  i n i t y - c a l c i u m  
c omb i na t i ons  ( 1 6 ,  £4 and 3 ?° / oo  x 190,  201 and 376 mg/L Ca) ,
Cal c ium l e v e l s  at  each s a l i n i t y  t h e r e f o r e  encompassed t he  range  
n or mal l y  found in wat ers  of  l 6 ° / o o  to  3 2 ° / o o .  Water o f  each  
s a l  i n i t y - c a l c i u m  combi nat i on  was then a l i q u o t e d  (1 L) i n t o  20 cm 
d i a m e t e r  g l a s s  c u l t u r e  bowls ,  spiked wi t h  cadmium s t o c k  s o l u t i o n  
(112 mg/L,  U l t r a p u r e  99.995%, Al f a  Chemical  C o . ) ,  c o v e r e d  and 
p l a c e d  i n t o  an i nc u b a t o r  to  e q u i l i b r a t e  f o r  24 h p r i o r  to  a d d i t i o n  
o f  m y s i d s .  Three  r e p l i c a t e s  o f  each o f  t he  f o l l o w i n g  s a l i n i t y -  
cadmium (Cdj) c o mb i n a t i o n s  were prepared f o r  each c a l c i u m  l e v e l  : 
1 6 ° / o o - 0 ,  2 4 , 0 ,  3 2 . 0 ,  3 9 . 0  ug/L Cd; 2 4 ° / o o - 0 ,  4 3 , 0 ,  5 7 . 0 ,
7 0 , 0  ug/L Cd; 3 2 ° / o o - 0 T 7 4 . 0 ,  100, 123 ug/L Cd. The e x p e r i me n t  was  
i n i t i a t e d  by a d d i t i o n  o f  10 mysids t o  each bowl;  mys i ds  had been  
p r e v i o u s l y  a c c l i m a t e d  to  the  t e s t  s a l i n i t y  as d e s c r i b e d  above .  
M o r t a l i t y  was moni t or e d  at  B, 12, 24,  46,  12 and 96 h; e x u v i a e  and 
dead mysids  were  removed when observed .
Re g r e s s i o n  a n a l y s i s  and p a r t i a l  c o r r e l a t i o n  a n a l y s i s  were  
performed us i ng  t h e  5P5S-X sof t ware  package (SPSS I n c , , 1 9 8 6 ) .  The 
a p p r o p r i a t e n e s s  o f  t he  ana l y s e s  were de t ermi ned by e x a m i n a t i o n  o f
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r e s i d u a l s  and t h e  B a r t l e t t - B o x  t e s t  o f  homogene i ty  o f  v a r i a n c e .
The s t a t i s t i c a l  power o f  each t e s t  was de t ermined a po s t e r i o r i  
u s i n g  the  power a n a l y t i c  methods d e s c r i b e d  by Cohen ( 1 9 7 7 ) .  U n l e s s  
o t h e r w i s e  i n d i c a t e d  a l l  dat a  were  t e s t e d  a t  t he  0 . 0 1  s i g n i f i c a n c e  
l e v e l .  M o r t a l i t y  d a t a  were t ra n s f o r me d  as t h e  arc  s i n e  o f  t he  
s q u a r e  root  p r i o r  t o  s t e p w i s e  m u l t i p l e  r e g r e s s i o n  a n a l y s i s .  
R e g r e s s i o n  s u r f a c e s  were c o n s t r u c t e d  u s i ng  t h e  S u r f a c e  II s o f t w a r e  
pac kage  (Sampson,  1978)  u s i ng  as  input  m a t r i c e s  g e n e r a t e d  by 
r e g r e s s i o n  e q u a t i o n s  from t h e  5PSS-X package.
P e s u l t s
Temperature and s a l i n i t y  were  mai nt a i ne d  w i t h i n  1°C and l ° / o o  
o f  t h e i r  nominal  v a l u e s ,  r e s p e c t i v e l y .  D i s s o l v e d  oxyge n and pH 
v a r i e d  n a t u r a l l y  w i t h  s a l i n i t y  but  di d not  d i f f e r  s i g n i f i c a n t l y  as  
a f u n c t i o n  o f  cadmium or c a l c i um  c o n c e n t r a t i o n  and remained at  
a c c e p t a b l e  l e v e l s  a t  a l l  t i m e s .  Measured Cdy v a l u e s  were  
c o n s i s t e n t  among r e p l i c a t e s  a t  t he  be g i nn i ng  and end o f  t e s t s  
( c o e f f i c i e n t s  o f  v a r i a t i o n  < 15%) and agreed w e l l  w i t h  nominal  
v a l u e s ,  d i f f e r e n c e s  being l e s s  than 10% ( Tabl e  11) .
Calcium e x e r t e d  a sparing e f f e c t  on Cd + t o x i c i t y  a t  a l l  
s a l i n i t i e s  s t u d i e d  (Table  11 ) .  Control  s u r v i v a l  in t h e  ASW was 
>90% and did not  appear to vary as  a f u n c t i o n  o f  s a l i n i t y  or  
ambient  c a l c i um c o n c e n t r a t i o n . S t e p - w i s e  m u l t i p l e  r e g r e s s i o n  o f  
96- h  m o r t a l i t y  d a t a  produced a second o r d e r - p o l y n o m i a l  e q u a t i o n  in 
which the s i m p l e ,  qua d r a t i c  and i n t e r a c t i v e  cadmium terms  were a l l  
s i g n i f i c a n t  ( Tabl e  12 ) ,  i n d i c a t i n g  a s i g n i f i c a n t  s a l i n i t y  e f f e c t  on 
t o x i c i t y  even when c a l c i um e f f e c t s  are ac c ount e d  f or  in
TABLE 11.
S a l i  n i t y  
16
24
Summary o f  m o r t a l i t y  in r e l a t i o n  t o  t o t a l  cadmium, f r e e  
cadmium 1on,  s a l i n i t y  and c a l c i um  from cadmium x c a l c i u m  
e x p e r i m e n t ,  Standard d e v i a t i o n s  noted in p a r e n t h e s e s .
Nominal  
Total  
Cadmi um
Measured
Total
Cadmium
RE0EQL
Free
Cadmium
Total  
Calcium (mg/L)
( u q / l l A w / l ) ( uq/ L ) 190 281 376
0 <0 . 2 0 0 3 7
24 .0 2 2 . 8  ( 3 . 2 3 ) 2 . 04 47 40 37
3 2 . 0 3 4 . 3  ( 1 , 6 9 ) 2 . 72 60 57 53
3 9 . 0 4 0 . 0  ( 2 . 4 3 ) 3 .31 73 70 63
0 <0 , 2 0 3 7 3
4 3 , 0 4 3 . 8  ( 6 , 3 6 ) 2 . 32 73 53 50
5 7 . 0 6 0 . 1  ( 5 . 1 9 ) 3 . 0 8 87 80 80
7 0 . 0 7 0 . 0  ( 3 . 2 1 ) 3 . 7 8 87 90 83
0 <0 . 2 0 10 7 3
7 4 . 0 7 5 . 9  ( 4 . 5 1 ) 2 . 52 90 77 73
100 104 ( 5 . 2 1 } 3 . 4 0 100 100 83
123 124 ( 2 . 1 8 ) 4 . 1 8 100 97 97
TABLE 12. Summary o f  s t e p - w i s e  m u l t i p l e  r e g r e s s i o n  on 9 6 - h m o r t a l i t y  dat a  
from cadmium x c a l c i um e x p e r i m e n t .
Entered 7
Step V a r i a b l e  R M$reg { d f > MSr e £ i d  ( d f )  F Charge S i g
1 (Cd2+) ( S a l )  0 . 8 2 8 4  2 2 . 5 5  ( 1 )  0 . 0 4 4 1  ( 106 )  5 1 1 . 8  0 . 0 0 0
2 Cd2+ 0 . 8 6 0 9  11.71 ( 2 )  0 . 0 3 6 1  ( 105 )  2 4 . 4 9  0 . 0 0 0
3 (Cd2 + ) (C a 2+) 0 . 8 7 3 4  7 . 923  ( 3 )  0 . 0 0 1 8  ( 1 0 4 )  1 0 . 2 8  0 . 0 0 2
4 ( t d 2 + ) 2 0 . 8 8 1 6  5 . 998  ( 4 )  0 . 0 3 1 3  ( 1 0 3 )  7 , 1 1 3  0 . 0 0 9
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the  model ;  i ndeed t he  s impl e  cadmium and s a l i n i t y  i n t e r a c t i o n  terms  
ac c ount  f or  t h e  g r e a t e s t  r e d u c t i o n  in r e s i d u a l  mean s qua r e .  When 
the  po l ynomi a l  i s  p l o t t e d  a t  each o f  t h r e e  Cd^ + l e v e l s  i t  can be 
seen  t h a t  t h e  e f f e c t  o f  s a l i n i t y  i s  more d r amat i c  t han t h a t  o f  
c a l c i u m  and a g e n e r a l  i n c r e a s e  in t o x i c i t y ,  i nde pe nde nt  o f  c a l c i u m  
l e v e l s ,  oc c ur s  w i t h  i n c r e a s i n g  s a l i n i t y  ( F i g .  1?) ;  c a l c i u m  e f f e c t s  
on m o r t a l i t y  a r e ,  a t  most ,  about  50% o f  s a l i n i t y  e f f e c t s .  The 
e f f e c t  o f  h i g h e r  c a l c i um  c o n c e n t r a t i o n s  a t  e l e v a t e d  s a l i n i t i e s  
t h e r e f o r e  c o u n t e r s  a s i g n i f i c a n t  p r o p o r t i o n  o f  the  i n c r e a s e d  
m o r t a l i t y  due t o  c a d m i u m - s a l i n i t y  i n t e r a c t i o n s .
Molt  r a t e  ( i n  terms o f  m o l t s  per mysid day)  i s  h i g h l y  v a r i a b l e  
among r e p l i c a t e s  ( c o e f f i c i e n t s  o f  v a r i a t i o n  a s  h i gh  a s  100%) but  
g e n e r a l l y  appears  t o  i n c r e a s e  wi t h  i n c r e a s i n g  s a l i n i t y  or  cadmium 
c o n c e n t r a t i o n  ( Ta b l e  13 ) .  S t e p - w i s e  r e g r e s s i o n  i n d i c a t e s  t h a t  
cadmium i n t e r a c t s  s i g n i f i c a n t l y  (P < 0 . 0 0 0 1 ) w i t h  s a l i n i t y  in 
d e t e r m i n i n g  c u m u l a t i v e  96- h  mol t  r a t e  a l t h o u g h  the  c o e f f i c i e n t  o f  
d e t e r m i n a t i o n  o f  t h e  model i s  low ( 0 , 1 5 9 9 ) .  A n a l y s i s  o f  r e s i d u a l s  
o f  bo t h  r e g r e s s i o n s  i n d i c a t e d  t h a t  the  a s s u mp t i o n s  o f  r e g r e s s i o n  
a n a l y s i s  had been met and i t s  use  was t h e r e f o r e  a p p r o p r i a t e ;  t he  
power o f  each t e s t  was >97%.
The number o f  mo l t  c a s t s  r e c o v e r e d  was a l s o  c o r r e l a t e d  wi th  
the  number o f  mys i ds  dead f or  any pe r i o d  ( P < 0 . 05 )  e x c e p t  at  48 h 
(P = 0 . 0 9 6 ) ,  a l t h o u g h  the  c o r r e l a t i o n  c o e f f i c i e n t s  were low 
( <Q , 2 9 ? 8 ) ,  due p r i m a r i l y  t o  t h e  h i gh v a r i a b i l i t y  in mol t  r a t e .  
P a r t i a l  c o r r e l a t i o n  c o e f f i c i e n t s ,  f o r  which t he  e f f e c t  o f  s a l i n i t y  
on mol t  r a t e  i s  c o n t r o l l e d  are  a l s o  s i g n i f i c a n t  ( P < 0 , 0 5 )  or  n e a r l y  
s i g n i f i c a n t  ( P < 0 . 0 5 4 )  f or  a l l  t ime s  e x c e p t  48 h (P =
FIGURE 12.  F i t t e d  r e g r e s s i o n  s u r f a c e  of the e f f e c t  o f  c a l c i um and 
s a l i n i t y  on Cd t o x i c i t y  at  (a)  1 . 0  ug/L (b)  2 . 0  ug/L (cj  3 . 0  ug/L 
and ( d)  4 . 0  ug / L.
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TABLE 13. Summary o f  cummulativG (96- l iJ mol t  r a t e  in r e l a t i o n  to  
f r e e  cadmium i on,  s a l i n i t y  and c a l c i u m  from cadmium x 
c a l c i um e x p e r i m e n t ,  Standard d e v i a t i o n s  noted in ,
p a r e n t h e s e s .  Grand mean mol t  r a t e * 0 . l 4 6 3  ( 0 . 0 8 1 5 )  day '  .
S a l i n i t v
REDE Ql. 
Free  
Cadmi urn
[uq/Ll 190
Total  Cal c ium  
(mg/L)
201 376
16 0 0 11 (0 1 1 ) 0 . 0 9 0 . 0 4 ) O 14 ( 0 . 0 6 )
2 . 0 4 0 11 (0 04) 0 . 1 1 0 . 0 6 ) 0 . 06 ( 0 . 0 8 )
2 . 7 2 0 15 ( 0 05) 0 , 1 3 0 . 0 4 ) 0 . 15 ( 0 . 0 5 )
3 . 3 1 0 12 (0 07) 0 . 2 0 0 . 0 9 ) 0 . 12 ( 0 . 0 4 )
24 0 0 13 (0 06} 0 . 0 5 0 . 0 2 ) 0 . 09 ( 0 . 0 3 )
2 . 3 2 0 14 ( 0 . 05) 0 . 2 2 0 . 2 0 ) 0 . 11 ( 0 . 1 1 )
3 . 0 8 0 31 (O. 07) 0 . 1 6 0 . 0 4 } 0 . 18 ( 0 . 0 2 )
3 . 7 8 0 19 ( 0 . 1 2 ) 0 . 2 2 0 . 0 3 ) 0 . 12 ( 0 . 0 5 )
32 0 0 . 10 ( 0 . 0 2 ) 0 . 0 7 0 . 0 2 ) 0 . 09 ( 0 . 0 5 )
2 . 5 2 0 . 19 to. 0 2 ) 0 . 1 7 0 . 0 5 ) 0 . 17 ( 0 . 0 3 )
3 . 4 0 0 . 16 to­0 1 ) 0 . 1 3 0 . 1 3 ) 0 . 22 ( 0 . 0 9 )
4 . 1 8 0 . 19 co. 10) 0 . 1 6 0 . 1 2 ) 0 . 22 (0. 1 4 )
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0 . 3 3 4 ) ,  P a r t i a l  c o r r e l a t i o n  c o e f f i c i e n t s  a d j u s t e d  f o r  c a l c i um were  
e s s e n t i a l l y  t he  same as t h e  Pearson c o r r e l a t i o n  c o e f f i c i e n t s ,  as  
would be e x p e c t e d  s i n c e  c a l c i u m  e x e r t e d  no e f f e c t  on molt  r a t e  as 
de t ermi ned by m u l t i p l e  r e g r e s s i o n  a n a l y s i s ,
L)i s c u s s i  on
2+Both s a l i n i t y  and c a l c i u m  i n t e r a c t e d  w i t h  Cd t o x i c i t y ,  
s u g g e s t i n g  t h a t  a f a c t o r ( s )  o t her  than c a l c i um antagoni sm and 
chemical  s p e c i a t i o n  c o n t r i b u t e s  to t h e  s a l i n i t y  e f f e c t  on cadmium 
t o x i c i t y .  Al though a p r e v i o u s  exper iment  ( Chapter  1 11 ) ,  in which  
mysi ds  were exposed t o  s i x  l e v e l s  o f  cadmium a t  f i v e  s a l i n i t i e s ,  
i n d i c a t e d  s u r v i v a l  t o  be dependent  on a f u l l  second order  Cd
2 +  2 +-s a l i n i t y  p o l y n o m i a l ,  the p r e s en t  s t u dy  found t he  term f or  Ca -Cd 
i n t e r a c t i o n ,  but not  s a l i n i t y  , to c o n t r i b u t e  s i g n i f i c a n t l y  t o  
m o r t a l i t y ;  t h e  t r e nd  o f  i n c r e a s i n g  t o x i c i t y  as s a l i n i t y  i n c r e a s e s  
from an i n t e r m e d i a t e  l e v e l  ( 1 6 ° / o o  in the p r e s e n t  e xpe r i ment  and 
2 £ ° / c o  in t h e  p r e v i o u s  exper iment )  i s  c o n s i s t e n t .  The independent  
s a l i n i t y  term may have been exc l uded  from t he  model in the p r e s e n t  
s t u dy  due t o :  1 ) d i f f e r e n c e s  in r e s p o n s e  to a r t i f i c i a l  ve r sus  
n a t u r a l  s e a w a t er ,  2)  s impl e  and h i g h e r  order s a l i n i t y  terms 
a c t u a l l y  masking Ca^4 -Cd^+ i n t e r a c t i o n  in e a r l i e r  e x pe r i me n t s  where  
c a l c i u m  l e v e l s  were not  mani pul at ed  and 3) t h e  reduced number and 
r ange  of  l e v e l s  o f  s a l i n i t y  and Cd^+ emplo>ed in t he  pr e s en t  
exper iment  in order  t o  keep the number of  t r e a t m e n t s  at  a 
manageable  l e v e l  w h i l e  i n t r odu c i ng  a t h i r d  i nde pe nde nt  v a r i a b l e  
( c a l c i u m ) ,
BO.
I n c r e a s e d  cadmium t o x i c i t y  under  low c a l c i u m  c o n d i t i o n s  may 
r e f l e c t  u pt a ke  v i a  a c a l c i u m - u p t a k e  mechanism whi c h  has  some 
a f f i n i t y  f o r  cadmium or may r e s u l t  from d i r e c t  c o m p e t i t i o n  be t we e n  
the  two m e t a l s  f or  p r o t e i n  b i n d i n g  s i t e s .  Both p r e m i s e s  may be  
s upp or t e d  by s t u d i e s  w i t h  JL. c u l e x  and CLl maenas r e l a t i n g  mo l t  
s t a t u s  (and hence d e g r e e  o f  a c t i v a t i o n  o f  t he  c a l c i u m  u p t a k e  
mechani s m) ,  e x t e r n a l  and hemolymph ( L  m a e n a s 1 c a l c i u m  c o n c e n t r a ­
t i o n  and media cadmium c o n c e n t r a t i o n  to m o r t a l i t y  ((Ll. p u l e x ) and 
cadmium body burden ( Wr i ght ,  1977;  Wright ,  I960;  Wright  and F r a i n  
1 9 8 1 a ) ,  I nc r e a s e d  hemolymph c a l c i u m  c o n t e n t  in cadmi um- expose d  
p o s t - m o l t  an i mal s  was i n t e r p r e t e d  by Wright  ( 1 9 7 7 )  as s u g g e s t i v e  o f  
c o m p e t i t i o n  between cadmium and c a l c i u m  f o r  b i n d i n g  s i t e s .
R e c e n t l y ,  s i m i l a r  f i n d i n g s  o f  i n c r e a s e d  hemolymph c a l c i u m  
f o l l o w i n g  e x p o s u r e  o f  Cj. maenas t o  >4 mg/L cadmium we r e  r e p o r t e d  by 
B j e r r e g a a r d  and V i s l i e  ( 1 9 8 5 a ) ;  t h e y  p o s t u l a t e d  t h a t  W r i g h t ’ s
2+r e s u l t s  may be the  r e s u l t  o f  cadmiurn- induced d e p r e s s i o n  o f  a Ca
a c t i v a t e d  ATPase and a s ub s e q u e n t  d e c r e a s e  in t r a n s f e r  o f  c a l c i u m
from hemolymph to  e x o s k e l e t o n  in p o s t - m o l t  a n i m a l s .  However ,
2+l i t t l e  i s  known r e g a r d i n g  t he  s p e c i f i c i t y  and f u n c t i o n  o f  Ca 
a c t i v a t e d  ATPases in c r u s t a c e a n s  and i t  i s  t h e r e f o r e  i m p o s s i b l e  t o  
s p e c u l a t e  on t h e i r  r o l e  in  cal  ci  um-cadmi urn i n t e r a c t i o n s .  Car apac e  
a b n o r m a l i t i e s  have been  o b s e r v e d  in b a h i a  f o l l o w i n g  l o n g - t e r m  
e x p o s u r e  t o  cadmium ( G e n t i l e  e t  a l - , 1982;  Carr e t  a l . . 1985)  
which c o u l d  be e x p l a i n e d  by cadmium i n t e r f e r e n c e  w i t h  e x o s k e l e t a l  
c a l c i  f i c a t i o n .
The marine  amphipod,  Ma. gbtu s a t  u s , e x p o s e d  t o  cadmium in ASW 
f o r m u l a t i o n s  o f  v a r y i n g  c a l c i u m  c o n c e n t r a t i o n ,  e x h i b i t e d  a l e s s
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d r a m a t i c  c a l c i u m  e f f e c t  on m o r t a l i t y  than di d t h e  f r e s h w a t e r  
s p e c i e s ,  wi t h  s t r o n g e s t  e f f e c t s  obs e r ved  p r i m a r i l y  in t h e  c a l c i u m -  
f r e e  and 800 mg/L c a l c i um  t r e a t m e n t s .  No r e l a t i o n s h i p  between body 
cadmium burden and e x t e r n a l  c a l c i um  was o b s e r v e d ,  a l th o u g h  f t  was  
s u g g e s t e d  t h a t  t h i s  might  r e f l e c t  t h e  use  o f  who l e - body  
c o n c e n t r a t i o n s  which would mask any hemolymph calcfum-cadmiurn 
r e l a t i o n s h i p  l i k e  t h a t  obs e r ved  p r e v i o u s l y  in C_i. maenas {Wright  and 
Frai n  1 9 8 1 b ) .  These  a u t h o r s  c onc l u de d  t hat  a g r a d a t i o n  in t he  
ca 1 ciurn-cadmiurn i n t e r a c t i o n  may bo obs e r ve d  among f r e s h w a t e r ,  
e u r y h a l i n e  and mari ne  forms which r e s u l t s  from d i f f e r e n c e s  in 
c a l c i u m  u pt a ke  mechanisms wi t h  the  marine forms p o s s e s s i n g  t h e  most  
" s l u g g i s h "  r e g u l a t o r y  mechanism.
Ca l c i u m e x e r t s  a much g r e a t e r  e f f e c t  on cadmium t o x i c i t y  in 
both f r e s h w a t e r  f i s h  and c r u s t a c e a n s  than in bahia  o r  Ha. 
o b t u s a t u s , t h e  o n l y  e u r y h a l i n e  and marine forms s t u d i e d  (Carrol  e t  
al  ■, 1979;  Lake e t  a l . , 1979; Calamari  e i  a l . . 1980;  Wright  and 
F r a i n ,  1981;  K i t c h i b a t a  e t  aj.. . , 1 90 6 ) .  This  t en ds  t o  s upport  t he  
c o n t e n t i o n s  o f  Wright  and Frain ( 1981b)  r e g a r d i n g  t h e  r o l e  o f  an 
a c t i v e  c a l c i u m  r e g u l a t o r y  mechanism.  However,  t h e  p r e s e n t  s t u dy  
di d  not  i n d i c a t e  a d i f f e r e n c e  in c a l c i u m  e f f e c t  as  a f u n c t i o n  o f  
s a l i n i t y ,  which may r e f l e c t  t he  e u r y h a l i n e  n a t u r e  o f  fL_ bahi  a ■
A s p a r i n g  e f f e c t  o f  c a l c i um  has been o b s e r v e d  in f r e s h w a t e r  
f i s h  and c r u s t a c e a n s  e ven  when c hange s  in cadmium s p e c i a t i o n  were  
a c c o u n t ed  f o r .  Lake e t  aJL, ( 1976)  found t he  t o x i c i t y  o f  Cd^+ 
( c a l c u l a t e d )  to A u s t r o c h i 1t o n i a  aus t r a l  i s  ( S a y c e )  t o  vary as  a 
f u n c t i o n  o f  i o n i c  s t r e n g t h  o f  t he  media;  by a l t e r i n g  t he  c o m p o s i ­
t i o n  o f  t h e  medium in s ubs equent  s t u d i e s  t hey  were ab l e  t o  r e l a t e
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the e f f e c t  o f  i o n i c  s t r e n g t h  t o  ambient c a l c i u m  c o n c e n t r a t i o n  {Lake
e l  i L _ ,  1 9 7 9 ) .  Jn c o n t r a s t ,  t hey  found t h a t  a l t hough  c a l c i um  
2 +a f f e c t e d  Cd t o x i c i t y  to Paratva  a u s t r a l i e n s i s  Kemp, t o t a l  i o n i c  
s t r e n g t h  had no e f f e c t .  Jn a d d i t i o n ,  t h e s e  aut hors  n o t e d  a s t r o n g  
t e m p e r a t u r e  d e pe nde nc e  on the e f f e c t  of  i o n i c  s t r e n g t h  t o  
a u s t r a l i $ . which mi ght  sugges t  t h a t  m e t a b o l i c  r a t e  p l a y s  a r o l e .
T o x i c i t y  o f  Cd^+ ( c a l c u l a t e d )  to Salmo o a i r d n e r i  R i c h  was a l s o  
found t o  d e c r e a s e  d u r i n g  e xpos ur e  to e l e v a t e d  c a l c i um l e v e l s  
(Calamari  e t  al . . 1 9 8 0 ) ,  Experiments  wi t h  p e r f u s e d  g i l l s  o f  $■ 
g a i r d n e r i  have demons trat ed  t h a t  Cd?+ (measured)  t r a n s f e r  r a t e s  a r e  
i n v e r s e l y  p r o p o r t i o n a l  to  the amount of  c a l c i u m  in t h e  media;  
magnesium had a s l i g h t  e f f e c t  but only at  c o n c e n t r a t i o n s  4 t o  5 
t i mes  t h a t  o f  c a l c i u m  (Part  e l  a k ,  1985a) .  I n t e r e s t i n g l y ,  t h e s e  
aut hor s  found t ha t  s a l i n i t y  (up to  7 ° / oo )  d i d  not a f f e c t  the  
t r a n s f e r  o f  Cd^+ .
M o l t - s t a g e  r e l a t e d  s e n s i t i v i t y  of  f r e s h w a t e r  and e u r y h a l i n e  
c r u s t a c e a n s  t o  heavy met a l s  has been r e p o r t e d  f ar  cadmium [Lake e t  
a l . . 9 7 9 ;  Wright ,  1980;  Wright and Frain,  1 981a ) ,  chromium (Lee and 
Buikema,  1 9 7 9 ) ,  c o p p e r  and z i n c  ( Pr i c e  and UgTow, 1 9 7 9 ) ,  though t h e  
l a t t e r  a u t h o r s  found no r e l a t i o n s h i p  between molt  s t a g e  o f  Cranqon 
cranqon ( L . )  and cadmium t o x i c i t y ,  P o s t - m o l t  s t a g e s  were  mare 
s e n s i t i v e  than pre-  or  i n t e r - m o l l  s t age s  in  a l l  t h o s e  s p e c i e s  f o r  
which e c d y s i c  s t a g e  s e n s i t i v i t y  was r e p o r t e d .  G e n t i l e  e t  a I ■.
(1982)  n o t e d  t ha t  ( k  bahia expos ed  to cadmium f r e q u e n t l y  d i ed w h i l e  
a t t e m p t i n g  t o  mo l t ,  s u g g e s t i n g  t h i s  s ta y e  t o  be the mos t  s e n s i t i v e  
f or  t h i s  s p e c i e s .
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Al though P r i c e  and Uglow ( 1979)  found cadmium t o  i n h i b i t  
e c d y s i s  in L.  cranqon and Yernberg et a t ,  ( 1977 )  found t h e  metal  
to  i n h i b i t  m o l t i n g  at  h i gh  c o n c e n t r a t i o n s  w h i l e  s t i m u l a t i n g  t he  
p r o c e s s  at  moderate  l e v e l s  in Palaemunetes  nugi  o H o l t h i u s ,  I found  
a g e ne r a l  i n c r e a s e  in mol t  r a t e  t o  occur  wi t h  i n c r e a s i n g  cadmium 
c o n c e n t r a t i o n  and s a l i n i t y .  A mean i n t e r m o l t  p e r i o d  o f  6 . 8  d 
( c a l c u l a t e d  as  the  r e c i p r o c a l  grand mean m o l t s / m y s i d  day )  and  t he  
g e ne r a l  i n c r e a s e  in mo l t  r a t e  w i t h  s a l i n i t y  a r e  c o n s i s t e n t  wi t h  
p r e v i o u s l y  de t er mi ned  v a l u e s  f o r  t h i s  s p e c i e s  ( Chapter  I ) .
However,  t he  s hor t  d u r a t i o n  o f  the  t e s t  and t h e  l e n g t h  o f  t he
i n t e r m o l t  p e r i o d  p r e v e n t  d i r e c t  o b s e r v a t i o n  o f  cadmium e f f e c t s  on
mol t  p e r i o d .  The apparent  i n c r e a s e  in molt  r a t e  might  r e s u l t  from
m o r t a l i t y  s h o r t l y  a f t e r  or  dur i ng  m o l t i n g ,  p a r t i c u l a r l y  in a 
s p e c i e s  in which any i n d i v i d u a l  would probabl y  mol t  no more than  
once dur i ng  t he  t e s t  p e r i o d .  Thi s  e x p l a n a t i o n  i s  f u r t h e r  s u p p o r t e d  
by the  g e n e r a l l y  s i g n i f i c a n t  c o r r e l a t i o n s  be t we e n  m o r t a l i t y  and 
mol t  c a s t s  r e t r i e v e d  from exper i menta l  bowl s ,  even when t h e  
independent  e f f e c t  o f  s a l i n i t y  on molt  r a t e  i s  t ake n  i n t o  a c c o u n t .  
Another e x p l a n a t i o n  might  be t h a t  i n h i b i t i o n  o f  f e e d i n g  ( r e s u l t i n g  
in d e c r e a s e d  i n g e s t i o n  o f  e x u v i a e )  by cadmium l ed  t o  i n c r e a s e d  
r e c o v e r y  o f  e x u v i a e  from dosed bowls  during d a i l y  o b s e r v a t i o n s .
In summary, c a l c i u m  was found t o  exert ,  a s a l  i n i t y - i n d e p e n d e n t
s par i ng  a c t i o n  on t o x i c i t y  to baJrU. These  f i n d i n g s
support  t h e  h y p o t h e s i s  o f  cadmium i n t e r a c t i o n  w i t h  a c a l c i u m -
r e g u l a t o r y  mechanism (Wright ,  1977,  ]9SQ; Wright  and F r a i n ,  1981a,
J981b) .  I t  i s  p o s t u l a t e d  that  t he  obs e r ved  r e s i d u a l  s a l i n i t y  
? +e f f e c t  on Cd t o x i c i t y  may be due to i n c r e a s e d  molt  r a t e  wi t h
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I n c r e a s i n g  s a l i n i t y  and p o s t - m o l t  s e n s i t i v i t y  t o  cadmium, T o x i c i t y  
t e s t s  in which t h e  m a j o r i t y  of  ani mal s  are o f  t he  i n t e r -  or  premolt  
s t a g e  may s i g n i f i c a n t l y  un d e r e s t i ma t e  the  t o x i c i t y  o f  cadmium.
EFFECTS OF CADMIUM ON OSMOREGULATION
I nt. ro d  n e t  I on
Various  p h y s i o l o g i c a l  f a c t o r s  have  been proposed  to  e x p l a i n  
the e f f e c t  o f  s a l i n i t y  on cadmium t o x i c i t y .  Cadmium e x p o s u r e  has  
been de mo n s t r a t e d  t o  r e s u l t  in a l t e r e d  o s m o r e g u l a t o r y / i a n a r e g u l a -  
t or y  c a p a c i t y  in a v a r i e t y  o f  marine  and e s t u a r i n e  organs i ms  
(Thurberg e t  a l , . 1973;  J o n e s ,  1975;  L a r s s o n  e t  a l . , 1981;  
Bj e r re gaar d  and V i s l i e ,  1 9 85a ) ,  However ,  t he  r e s u l t s  were n o t  
c o n s i s t e n t  and cadmium c o n c e n t r a t i o n s  n e c e s s a r y  t o  e l i c i t  an e f f e c t  
ranged from s u b - l e t h a l  to  a c u t e l y  t o x i c  l e v e l s .  In a l l  o f  t h e s e  
s t u d i e s ,  e x p o s ur e  was e x p r e s s e d  in t er ms  o f  t o t a l  cadmium w h i l e  the  
e f f e c t i v e  c o n c e n t r a t i o n  ( i . e .  as Cd^+ ) may have  d i f f e r e d  
c o n s i d e r a b l y  among t h e  v a r i o u s  e x p o s ur e  s a l i n i t i e s ,  Support  f o r  
cadmium-induced a l t e r a t i o n  o f  o s m o r e g u l a t o r y -  i o n o r e g u l a t o r y  
c a p a c i t y  can a l s o  be found in s t u d i e s  d e m o n s t r a t i n g  s u b s t a n t i a l  
changes  in g i l l  morphology in f i s h  and c r u s t a c e a n s  exposed t o  
cadmium ( B u b e l , 1976; Couch,  1977; P a p a t h a n a s s i o u  and King,  1983;  
Ka r l s s o n - N o r r g r e n  e t  a l . , 1985) .
The purpos e  o f  t h i s  s t udy  was to  d e t e r m i n e  i f  cadmium-induced  
a l t e r a t i o n  o f  o s m o r e g u l a t o r y  c a p a c i t y  c o u l d  be c o r r e l a t e d  w i t h  
changes  in Cd^4 t o x i c i t y  as a Funct i on  o f  s a l i n i t y .
85.
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Materi  a T s and Met hods
Ln i f or m- age d  an i ma l s  ( 7 - d  o l d ) ,  o b t a i n e d  and a c c l i m a t e d  to  
t e s t  s a l i n i t i e s  and t emp e r a t u r e s  u s i n g  methods d e s c r i b e d  p r e v i o u s l y  
( Chapt er  I ) ,  we r e  used in a l l  t e s t s .  During t he  a c c l i m a t i o n  phase  
f ood  and water  q u a l i t y  were ma i n t a i ne d  as  d e s c r i b e d  e a r l i e r  
( Chapt er  1) .  T e s t s  were performed on l a b o r a t o r y  bench t ops  a t  23°C 
w i t h  a l i g h t : d a r k  c y c l e  o f  16 : 8 ;  t emp e r a t u r e  v a r i e d  by no more than 
1°C as moni t or e d  w i t h  a m a x mi n  thermomet er .  The e x t e nd e d  l i g h t  
p e r i o d  in o s m o r e g u l a t i o n  e x p e r i m e n t s  was n e c e s s a r y  due t o  t he  t ime  
n e c e s s a r y  t o  sampl e  and p r o c e s s  mys i ds .
As in e a r l i e r  e x p e r i m e n t s  mysids  were fed at  a r a t e  o f  2 0 - 30  
n a u p l i i / m y s i d / d a y ; pr i o i  to a d d i t i o n  o f  new food each day ,  dead  
n a u p l i i  and d e b r i s  were  removed from t h e  bot toms  o f  e xpos ur e  bowl s .  
D i s s o l v e d  o x y g e n ,  pH, s a l i n i t y  and t emp e r a t u r e  were  moni t or e d  d a i l y  
in a l l  e x p e r i m e n t s .  Water s amples  (& ml)  were  c o l l e c t e d  from a l l  
e x p e r i m e n t s  on day 0  and upon t e r m i n a t i o n  and a n a l y z e d  f o r  cadmium 
c o n c e n t r a t i o n  u s i n g  methods d e s c r i b e d  f o r  e a r l i e r  s t u d i e s  (Chapter  
1 1 1 )
[n the  f i r s t  o s m o r e g u l a t i o n  e x p e r i m e n t ,  Fi nney Creek w a t e r ,  
f i l t e r e d  t o  CM urn and UV p h o t o o x i d i z e d ,  was d i l u t e d  w i t h  d e ­
i o n i z e d  water  t o  12 and 2 9 ° / o o  and 2 L was a l i q u o t e d  i n t o  e ac h  4 L 
Nal ge ne  beaker .  Water was then s p i ke d  wi t h  cadmium c h l o r i d e  s t o c k  
s o l u t i o n  to y i e l d  two cadmium ’ e v e l s  f or  each s a l i n i t y :  a c o n t r o l  
(background Ld ca 0 . 2  ug/L)  and a c o n c e n t  r a t  ion appr ox i mat i ng  the  
96 h LC^g f or  t h a t  s a l i n i t y  (32 ug/L Cdy a t  \ 2 ° / u o  and 77 u g / l  Cdy 
a t  3 0 ° / o o ) .  Two r e p l i c a t e  be ake r s  were  pr e par e d  f or  each  
t r e a t m e n t .  Tr e a t me nt s  were i n i t i a t e d  by a d d i t i o n  o f  30 mys i ds  t o
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e a c h  beaker;  b e a k e r s  were  s t a r t e d  in a randomly s t a g g e r e d  f a s h i o n  
t o  a l l o w  t i me  t o  p r o c e s s  one t re a t me nt  b e f o r e  the next  t re a t me nt  in 
t h e  s e r i e s  n e e d e d  t o  be sampled-  Mysids  had p r e v i o u s l y  been 
a c c l i m a t e d  to  F i n n e y  Creek water  at the  t e s t  s a l i n i t y  as d e s c r i b e d  
above-  Mys ids  w e r e  sampled ( 3 / b e a k e r )  in the same order as the  
b e a k e r s  were  s t a r t e d  at  0 ,  4,  8 , 24 and 48 h.
Mys ids  w e r e  r i n s e d  w i t h  d e - i o n i z e d  water  and b l o t t e d  dry p r i o r  
t o  s ampl i ng  o f  hemolymph by p e r i c a r d i a l  puncture  u s i n g  a l k a l i - f r e e  
c a p i l l a r y  t u b e s  ( F i s h e r  S c i e n t i f i c )  which had p r e v i o u s l y  been drawn 
o u t  o v e r  a low f l ame  t o  produce a f i n e  (<0 . 1  mm di amet er)  t i p .  
Hemolymph f r e e z i n g  p o i n t  was de t e r mi n e d  i mmedi a t e l y  us i ng  a d i r e c t -  
r e a d i n g  n a t i n o l i t e r  osmometer  ( C l i f t o n  Techni ca l  P h y s i c s )  and 
t a r g i l i e ' s  "B" immers ion o i l  as t he  sample c a r r i e r  on the f r e e z i n g  
p l a t f o r m .  Two s t a n d a r d s ,  b r a c k e t i n g  e x p e c t e d  sample v a l u e s ,  and a 
m e d i a  sample  w e r e  a n a l y z e d  wi th each s e t  o f  t hr e e  hemolymph 
s a m p l e s ,
Due t o  an a p p a r e n t  t r a n s f e r  e f f e c t  observed in the f i r s t  
o s m o r e g u l a t i o n  e x p e r i m e n t ,  in the second o s mor e gu l a t i on  exper i ment  
m y s i d s  were  t r a n s f e r e e !  t o  ?Q cm d i ame t e r  g l a s s  c u l t u r e  bowls  
c o n t a i n i n g  1 L o f  d i l u e n t  water  ( pr epare d  as above)  and a l l owed  to  
a c c l i m a t e  f o r  24 h p r i o r  t o  a d d i t i o n  o f  cadmium s t o c k  s o l u t i o n  and 
commencement o f  t h e  t e s t .  Because  no cadmium e f f e c t  had been  
o b s e r v e d  a f t e r  a 4- or 8 -h e xpos ur e  in t he  pr e v i ous  e xpe r i me n t ,  
s m a l l e r  vol umes  o f  media wi t h  fewer mys i ds  ( 1 5 / b o w l )  and a g r e a t e r  
number o f  t r e a t m e n t s  c o u l d  be employed in a more powerful  d e s i g n  
e n t a i l i n g  s a mp l e s  o f  4 mys i ds  each at 0 - ,  24- and 48-h e xpos ur e ;  as 
in t h e  f i r s t  e x p e r i m e n t ,  each sa l  i n i t y - cadmi um combinat i on was
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t e s t e d  in d u p l i c a t e .  Exposure t imes  >48 h were deemed 
i nappr opr i a t e  due to the i n e v i t a b l e  high m o r t a l i t y  rate s  which  
would occur  a t  cadmium c o n c e n t r a t i o n s  approximat ing the 96 - h  LC^g 
and subsequent  r e s u l t i n g  b i a s  in sampling.  Each o f  the f o l l o w i n g  
sal  i n i ty-cadmi um (Cdj)  combinat ions  were t e s t e d :  1 2 ° / o o - 0 ,  2 3 . 5 ,
3 1 . 0  ug/L Cd; 1 8 ° / o o - 0 ,  3 5 . 3 ,  46.7 ug/L Cd; 24O/ ° ° - 0 ,  4 9 . 1 ,
6 4 , 8  ug/L Cd; 3 0 ° / oO' 0 ,  6 8 , 0 , 90 .0  ug/L Cd, These Cdj l e v e l s  were
s e l e c t e d  t o  pr ov i de  Cd?+ l e v e l s  o f  approxi mate ly  0,  2 . 65  and 3 . 5 0  
ug/L Cd"+ . S t a r t - u p  and sampling of  each bowl was again performed  
in a randomly s t agge r e d  f a s h i o n .  Hemolymph f r e e z i n g  p o i n t  was
determined as  in the f i r s t  osmoregul at i on  exper iment  hut wi t h  on l y
one standard and a media sample analyzed wi th each set  o f  f o ur  
hemolymph samples .
A n a l y s i s  o f  v a r i a n c e  and o f  covar i anc e  were  performed u s i n g  
the  SPSS-X s o f t wa r e  package (SPSS I n c , ,  1986) .  S t a t i s t i c a l l y  
s i g n i f i c a n t  t r e a t me nt s  were i d e n t i f i e d  with a m u l t i p l e  range  t e s t  
( LSD p r o c e d u r e ) .  The ap p r o p r i a t e n e s s  of  the a n a l y s e s  was d e t e r ­
mined wi t h  t h e  B a r t l e t t - B o x  t e s t  of  homogenei ty o f  v a r i a n c e .  The 
s t a t i s t i c a l  power o f  each t e s t  was determined a p o s t e r i o r i  us i ng  
the  power a n a l y t i c  methods d e s c r i b e d  by Cuhen ( 1977) ,  Un l e s s  
o t h e r w i s e  i n d i c a t e d  a l l  data were t e s t e d  at t he  0. 01  s i g n i f i c a n c e  
1e v e l .
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Rc s u i t s
Temperature  and s a l i n i t y  were ma i n t a i ne d  w i t h i n  1°C and l ° / o o  
o f  t h e i r  nominal  v a l u e s ,  r e s p e c t i v e l y .  D i s s o l v e d  oxygen and pH 
v a r i e d  n a t u r a l l y  w i t h  s a l i n i t y  but di d  not  d i f f e r  s i g n i f i c a n t l y  as  
a f u n c t i o n  o f  cadmium c o n c e n t r a t i o n  and remained a t  a c c e p t a b l e  
l e v e l s  at  a l l  t i m e s .  Measured t d 1 v a l u e s  were r e l a t i v e l y  uni f orm  
among r e p l i c a t e s  a t  the  be g i n n i n g  and end o f  t e s t s  ( c o e f f i c i e n t s  o f  
v a r i a t i o n  £ 15%) and agreed we l l  wi t h  nominal  v a l u e s ,  d i f f e r e n c e s  
b e i ng  l e s s  than 10% (Table  14) .
Hemolymph o s m o l a l i t y  in the f i r s t  o s m o r e g u l a t i o n  e xpe r i me n t  
v a r i e d  r e l a t i v e l y  un i f orml y  among mysids  w i t h i n  any t re a t me n t  
( c o e f f i c i e n t s  o f  v a r i a t i o n  < 16%) and d i d  not  d i f f e r  s i g n i f i c a n t l y  
bet ween r e p l i c a t e s .  Media o s m o l a l i t y  v a r i e d  i n s i g n i f i c a n t l y  
t hr o ug ho ut  t h e  e x p e r i me n t a l  p e r i o d .  Al t hough an e f f e c t  on 
hemolymph o s m o l a l i t y ,  a p p a r e n t l y  due t o  t r a n s f e r  o f  mys i ds  from 
a c c l i m a t i o n  wat e r  t o  t e s t  wa t e r ,  appears  a t  4-h p o s t - t r a n s f e r  ( F i g .  
13) ,  and an apparent  i n c r e a s e  in hemolymph o s m o l a l i t y  o c c u r s  a t  24 
h in cadmium-exposed a n i ma l s ,  t h e s e  e f f e c t s  ar e  not  s t a t i s t i c a l l y  
s i g n i f i c a n t  (ANCOVA, P - 0 . 7 8 0 ) .  based on t h e s e  r e s u l t s ,  the  
o s m o r e g u l a t i o n  expe r i ment  was rerun u t i l i z i n g  a more powerful  
d e s i g n  w i t h  a l a r g e r  sample s i z e  ( n - 4 ) ,  two a d d i t i o n a l  i n t e r m e d i a t e  
s a l i n i t i e s  and sample t imes  o f  0,  Z4 and 48 h; mys i ds  were a l l o w e d  
t o  a c c l i m a t e  f o r  ?4-h t o  t e s t  water  b e f o r e  a d d i t i o n  o f  cadmium to  
t he  bowls  t o  a v o i d  the  post  - t r a n s f e r  a l t e r a t i o n  in homolymph 
o s m o l a l i  t y .
TABLE 14 .  Summary o f  hemolymph o s m o l a l i t y  (mOsm) in r e l a t i o n  t o  
t o t a l  cadmium,  f r e e  cadmium i on  and s a l i n i t y  f rom  
o s m o r e g u l a t i o n  e x p e r i m e n t  I I .  S t a n d a r d  d e v i a t i o n s  
n o t e d  i n  p a r e n t h e s e s .
Nominal  Measured REDEQL
T o t a l  Tot a l  f r e e
Cadmium Cadmium Cadmium Time ( h )
S a l i n i t y  ( u g / U  ( u g / L )  f u g / L l  0________   . , Z 4 „ ______________4 8
12 0 <0 . 2 0 608 ( 8 6 . 3 ) 697 ( 8 8 . 0 ) 6 3 6 ( 5 9 . 0 )
2 3 . 5 23 .3 (2 *70) 2 . 6 6 626 ( 9 9 ■4} 724 ( 6 2 * 1 ) 704 ( 1 0 1 )
3 1 . 0 31 . 6 (4 ■ 1 1 ) 3 . 5 0 649 ( 9 5 . 1 ) 756 ( 8 7 . 8 ) 653 ( 8 5 . 3 )
18 0 <0 .2 0 732 ( 6 3 . 3 ) 714 ( 7 0 . 6 ) 6 8 6 ( 5 0 . 8 )
3 5 . 3 33, . 1 (4 . 29 ) 2 . 6 4 731 ( 8 4 ■7) 784 ( 1 0 0 ) 750 ( 9 3 , 2 )
4 6 , 7 50 . 0 {3 , 80 ) 3 . 5 0 712 ( 8 2 , . 8 ) 705 ( 6 3 . 5 } 734 ( 1 3 3 )
24 0 <0 . 2 0 786 ( 9 0 . 6 ) 899 ( 4 7 . 3 ) 772 ( 1 0 0 )
4 9 . 1 51. 5 {2 . 59} 2 . 6 5 782 ( 4 9 . 7) 934 ( 4 2 , 5 ) 8 6 8 ( 1 0 3 )
6 4 . 8 69 , 9 (4. . 6 6 ) 3 . 5 0 802 ( 9 1 . 1 ) 877 ( 9 0 . 9 ) 864 ( 6 9 . 4 )
30 0 <0 . 2 0 875 ( 4 8 . 1 ) 969 ( 5 1 . 4 ) 1106 ( 1 3 5 )
6 8 . 0 6 2 . 7 (7. 8 6 ) 2 . 5 8 916 ( 8 0 . 8 ) 1028 ( 1 5 1 ) 991 ( 7 8 . 2 )
9 0 . 0 92 . 4 (5 . 03) 3 . 4 2 897 ( 8 0 . 4) 982 ( 1 1 3 ) 1066 ( 1 4 3 )
9 0 .
FIGURE 13 .  Hemolymph o s m o l a l i t y  (mOsm) as  a f u n c t i o n  o f  t i m e  i n  
c o n t r o l  and c a d m i u m - e x p o s e d  m y s i d s  a t  12 and 29  / o o  s a l i n i t y .
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Hemolymph o s m o l a l i t y  in t he  s e c o n d  o s m o r e g u l a t i o n  e x p e r i m e n t  
d i d  n o t  wary s i g n i f i c a n t l y  be t we e n  r e p l i c a t e s  and e x h i b i t e d  
c o e f f i c i e n t s  o f  v a r i a t i o n  s i m i l a r  t o  t h o s e  in t h e  f i r s t  e x p e r i m e n t  
( T a b l e  1 4 ) ;  media o s m o l a l i t y  was u n i f o r m  t h r o u g h o u t  t h e  
e x p e r i m e n t a l  p e r i o d .  H y s i d  hemolymph o s m o l a l i t y  d i d  n o t  wary  
s i g n i f i c a n t l y  as  a f u n c t i o n  o f  cadmium e x p o s u r e  o r  s a m p l i n g  t i m e  a t  
any s a l i n i t y  (ANCOVA. P -  0 . 3 6 3 ) .  A l t h o u g h  t h e  power  o f  t h e  t e s t  
( 0 . 4 1  a t  t h e  0 , 1 0  s i g n i f i c a n c e  l e v e l )  was h i g h e r  t h a n  t h a t  o f  t h e  
f i r s t  t e s t ,  t h e  i n h e r e n t  v a r i a b i l i t y  o f  hemolymph o s m o l a l i t y  and 
t h e  t i m e  r e q u i r e d  t o  o b t a i n  and p r o c e s s  s a m p l e s  p r e c l u d e d  s ampl e  
s i z e s  n e c e s s a r y  f o r  more i d e a l  power l e v e l s  ( e . g .  n-=)4? f o r  a p o w e r  
o f  0 . 9 0  a t  t he  0 . 0 1  s i g n i f i c a n c e  l e v e l ) .  Ho m o r t a l i t y  o c c u r r e d  i n  
c o n t r o l  and low cadmium t r e a t m e n t s  a l t h o u g h  a p p r o x i m a t e l y  10% o f  
t h e  r e m a i n i n g  m y s i d s  in t h e  h i gh  cadmium t r e a t m e n t s  d i e d  a f t e r  24  
t o  48 h e x p o s u r e  a t  a l l  s a l i n i t i e s .  Moribund and de a d  m y s i d s  w e r e  
not  s amp l e d  f o r  d e t e r m i n a t i o n  o f  hemolymph o s m o l a l i t y .
P i s c u s s  i on
In t h e  p r e s e n t  s t u d y t hemolymph o s m o l a l i t y  was  c o n s i s t e n t l y  
u n a f f e c t e d  by e x p o s u r e  f o r  up t o  48  h t o  h i g h  l e v e l s  o f  Cd^+ ( i . e .  
9 6 - h  LC^q ) . The i n s t a b i l i t y  o f  homolymph o s m o l a l i t y  i n  t h e  f i r s t  
e x p e r i m e n t  was p r o b a b l y  due t o  a " t r a n s f e r  e f f e c t " .  A c c l i m a t i o n  o f  
a n i m a l s  t o  e x p o s ur e  b o w l s  and media  p r i o r  t o  d o s i n g  and s u b s e q u e n t  
s a m p l i n g  i n  t h e  s e c o n d  e x p e r i m e n t  seemed t o  e l i m i n a t e  t h i s  e f f e c t .
I t  i s  a l s o  p o s s i b l e  t h a t  t h e  e f f e c t  was due  t o  c r o w d i n g  o f  m y s i d s
2 2 in t h e  f i r s t  ( 6 . 7  cm / m y s i d )  compared t o  t h e  s e c o n d  (21 cm / m y s i d )
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e x p e r i m e n t ;  mys i ds  ar e  p r o b a b l y  more a f f e c t e d  by b o t t o m s u r f a c e  
ar e a  o f  t h e  c u l t u r e  c o n t a i n e r  t han  volume.
The e f f e c t s  o f  cadmium on o s m o t i c  and i o n i c  r e g u l a t i o n  o f  
o t h e r  c r u s t a c e a n s  ar e  i n c o n s i s t e n t .  Whi le  Thurberg  e l  a l . . ( 1 9 7 3 )  
found a s i g n i f i c a n t  e l e v a t i o n  in serum o s m o l a l i t y  in maenas  
f o l l o w i n g  e x p o s u r e  t o  0 . 5  t o  0 . 0  my/L cadmium,  B j e r r e g a a r d  and 
V i s l i e  ( 1 9 8 5 a )  r e p o r t e d  serum o s m o l a l i t y ,  Na+ , K+ and Cl" t o  be 
u n a f f e c t e d  a t  1 . 0  mg/L and s l i g h t l y  (and i n c o n s i s t e n t l y )  a f f e c t e d  
a t  10 mg/L.  The l a t t e r  a u t h o r s  s u g g e s t e d  t h e s e  d i f f e r e n c e s  were  
due t o  a c c l i m a t i o n  o f  c r a b s  t o  t e s t  s a l i n i t i e s  in t h e i r  s t u d y  
w h e r e a s  in t h e  e a r l i e r  s t u d y  c r a b s  we r e  t r a n s f e r e d  d i r e c t l y  from 
t h e  a c c l i m a t i o n  s a l i n i t y  o f  2 5 ° / ° o  t o  t e s t  s a l i n i t i e s  r a n g i n g  from 
1 7 - 3 2 ° / o f -  F u r t h e r ,  Thurberg e t  aJL ( 1 9 7 3 ) ,  r e p o r t e d  1 . 0  mg/L t o  
be  t o x i c  t o  C^ . maenas w i t h i n  48 h and i n c l u d e d  moribund a n i m a l s  i n  
t h e i r  s a mp l e s  w h i l e  Wright  ( 1 9 7 7 )  and B j e r r e g a a r d  and V i s l i e  
( 1 9 8 5 a )  found t h i s  s p e c i e s  a b l e  t o  t o l e r a t e  l o n g - t e r m  e x p o s u r e  
(> 22 d)  t o  l e v e l s  > 1 . 0  mg/L,
Hemolymph o s m o l a l i t i e s  o f  t h e  mar i ne  i s o p o d s  I d o t e a  b a l t i c a  
( P a l l a s ) ,  e m a r g i n a t a  ( F a b r i c i u s )  and L  n e u l e c t a  S a r s  were  
u n a f f e c t e d  by e x p o s u r e  t o  10 mg/L cadmium in 100% s e a w a t e r ,  
a l t h o u g h  t h e  l a t t e r  s p e c i e s  was a f f e c t e d  when e x p o s e d  in 80% 
s e a w a t e r .  The e s t u a r i n e  s p e c i e s  J a e r a a l h i  f  ron s Leach e x h i b i t e d  an 
i n c r e a s e  in  hemolymph o s m o l a l i t y  upon e x p o s u r e  t o  10 mg/L in 50% 
s e a w a t e r  but  t h e  e f f e c t  was n o t  o b s e r v e d  at  10 or  20 mg/L i n  10% 
and 100% s e a w a t e r  ( J o n e s ,  1 9 7 5 ) .  It was no t  r e p o r t e d  w h e t h e r  
i s o p o d s  were  a c c l i m a t e d  to  t e s t  s a l i n i t i e s  p r i o r  t o  t h e  cadmium 
c h a l l e n g e .
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The e f f e c t s  o f  cadmium on serum e l e c t r o l y t e s  and o s m o l a l i t y  in  
f i s h  are s i m i l a r l y  c o n t r a d i c t o r y .  O b s e r v a t i o n s  o f  d e c r e a s e d  p l a s m a  
Na+ and C l ’ i n  C a r a s s i o s  a u r a  t u s  ( L . )  {McCarty  and H o u s t o n ,  1 9 7 6 ) ,  
i n c r e a s e d  Na+ e f f l u x  in Gambus i a a f f i n i s  ( B a i r d  and G i r a r d )  ( K a t z ,  
1979)  and no e f f e c t  on Na-4 e f f l u x  in p e r f u s e d  g i l l s  o f  Sj . oa  1 r d n e r i  
( P a r t  £ i  a l . . 1985b)  c o n f l i c t  w i t h  f i n d i n g s  o f  i n c r e a s e d  p l a s m a  
Na+ , Cl '  , Mg^+ and i n o r g a n i c  p h o s p h a t e  i n  P I a t y c h t h v s  f l e s u s  L, 
( L a r s s o n ,  1 9 7 5 )  f o l l o w i n g  s h o r t  t erm e x p o s u r e  t o  h i g h  l e v e l s  o f  
cadmium.  A l t h o u g h  t h e  b r a c k i s h  w a t e r  h a b i t  o f  t h e  l a t t e r  f i s h  may 
e x p l a i n  o b s e r v e d  d i f f e r e n c e s ,  cadmium l e v e l s  and e x p o s u r e  t i m e  w e r e  
a l s o  i mp o r t a n t  f a c t o r s  m o d i f y i n g  t h e  r e s p o n s e  ( L a r s s o n  £ t  a l . .
1 9 8 1 ) .
Hi s t o p a l h o l o g i c a l  e f f e c t s  o f  cadmium on i o n - t r a n s p o r t i n g  
t i s s u e s  o f  s a l t w a t e r  c r u s t a c e a  r a n g e  f r o m  n o n s p e c i f i c  n e c r o s i s  and  
d e p o s i t i o n  o f  e l e c t r o n  d e n s e  g r a n u l e s ,  a s  o b s e r v e d  in Pe nae us  
duorarum ( Bu r ke nr o a d )  e x p o s e d  t o  470  u g / L  cadmium ( Couch,  1 9 7 7 ) ,  t o  
s moot h i ng  o f  t h e  a p i c a l  membrane ,  d e g e n e r a t i o n  o f  m i t o c h o n d r i a ,  
l o s s  o f  m i t o c h o n d r i a l *a p i c a l  membrane a s s o c i a t i o n ,  f r a g m e n t a t i o n  o f  
t h e  Go l g i  a p p a r a t u s  and r e d u c t i o n  in  r i b o s o m e s ,  as  n o t e d  in  
Palaemon s e r r a t u s  ( P e n n a n t )  and J a e r a  normanni  ( R a t h k e )  e x p o s e d  t o  
50 mg/L and 1 0 - 2 0  mg/L cadmum r e s p e c t i v e l y  ( B u b e l ,  1975;
P a p a t h a n a s s i q u  and Ki ng ,  1 9 8 3 ) .  S i m i l a r  s m o o t h i n g  o f  a p i c a l  
membranes a s  w e l l  as c y t o p l a s m i c  d i s p e r s i o n  have be e n  n o t e d  i n  
f r e s h w a t e r  and ma r i n e  f i s h  ( Karl  s s o n - N o r r g r e n  e± aj_, 1 9 0 5 ) .
A l t h o u g h  i t  i s  t e m p t i n g  t o  p o s t u l a t e  t h a t  cadmium a l t e r s  i o n i c  
r e g u l a t i o n  by damaging ion - t r a n s p o r t i n g  t i s s u e s  ( e . g .  g i l l s ) ,  
i n c r e a s e s  in m a j o r  hemolymph i o n s  a n d / o r  o s m o l a l i t y  in b r a c k i s h  and
9 5 .
s a l t  wat e r  s p e c i e s  exposed t o  cadmium i s  probabl y  a g e ne r a l  ac ut e  
s t r e s s  r e s p o n s e  and not a r e f l e c t i o n  of p a t h o l o g i c a l  c hange s  in 
t h e s e  t i s s u e s  s i n c e  such changes  would be e x p e c t e d  t o  d e c r e a s e  
hemolymph ion c o n c e n t r a t i o n s  ( l a r s s o n  e t  a . L , 1981 J. However,  the  
g e n e r a l  d e c r e a s e  in serum c o n s t i t u e n t s  noted in f r e s h w a t e r  s p e c i e s  
c o u l d  be due t o  l e s i o n s  such as  p o 1l u t a n t ’ i nduced l i f t i n g  o f  the  
g i l l  e p i t h e l i u m  which appears  t o  oc c ur  wi t h  g r e a t e r  f r e q u e n c y  in 
f r e s h w a t e r  than s a l t w a t e r  f i s h  (Mal l a t . t ,  1 9 8 5 ) .
GENFRA1 DISCUSSJOH
The d e t er m i n a t i o n  o f  t r a c e  metal  s p e c i a t i o n  in na t ur a l  wat ers  
i s  a complex pr o c e s s  r e l y i n g  both on i n d i r e c t  methods  o f  
measurement  and t h e o r e t i c a l  models ( e . g .  K e s t e r  s i  i L * .  1975}* Ion 
s e l e c t i v e  e l e c t r o d e s  have been employed wi t h  some s u c c e s s  ( e . g .  
Gar d i ne r ,  1974; Warner, 1975;  Sonda and Hanson,  1979} but  s u f f e r  
from t h e i r  r e l a t i v e l y  poor s e n s i t i v i t y .  Perhaps t h e  most  w i d e l y  
used t o o l s  are d i f f e r e n t i a l  p u l s e  vol tammetry and d i f f e r e n t i a l  
p u l s e  s t r i p p i n g  vol tammetry ( e . g .  Bubic and B r a n i c a ,  1973;  Brani ca  
e t  al . . 1977; Raspor e t  a l . . 1 97 7 ; van den Berg ,  1984} ,  However,  
t h e s e  methods are s e n s i t i v e  to  ’ l a b i l e ’ s p e c i e s  and thus  
i n t e r p r e t a t i o n  o f  measurements  can be d i f f i c u l t .  Other  methods  of  
e l u c i d a t i n g  metal  s p e c i a t i o n  include m o l e c u l a r  s e p a r a t i o n s  and ion 
exchange  (Neubecker and A l l e n .  1983) .  Approaches  t o  t h e  s t u d y  o f  
s p e c i a l  i o n  al most  always  i n c l u d e  a s e r i e s  o f  t i t r a t i o n s ,  u s e  o f  
n o n- c o mp l e x i ng  i o n i c  s t r e n g t h  a d j u s t o r s  ( e . g .  KNO^} and model  
c h e l a t o r s  ( e g *  NaClO^NaCl s o l u t i o n s ,  HI A, EOTA, e t c . }  t o  s e p a r a t e  
t he  e f f e c t s  o f  t he  m u l t i p l e  c o n s t i t u e n t s  o f  s e a w a t e r  (Bubic  and 
Br an i c a ,  1973;  Gardiner ,  1974; Kester  e t  al . . ,  1975 Brani ca  e t  a k ,  
1977;  Raspor e t  a l . . , 1977; van den Berg,  19B4}.
Based on exper imenta l  r e s u l t s  and t h e o r e t i c a l  c o n s i d e r a t i o n s ,  
a number o f  models have been deve l oped to  c a l c u l a t e  t r a c e  metal  
s p e c i a t i o n  in s eawat er ,  g e n e r a l l y  employ i ng  one o f  two approaches ;
9 7 .
e q u i l i b r i u m  c a l c u l a t i o n s  a t t e mp t i n g  t o  mi n i mi z e  t h e  Gibbs f r e e  
e ne r gy  va l ue  o f  t h e  d e f i n e d  s ys tem or by s o l v i n g  a s e r i e s  o f  
n o n l i n e a r  e q u a t i o n s  employ i ng  e q u i l i b r i u m  c o n s t a n t s  and mass  
b a l a n c e  c o n s t r a i n t s  (Nordstrom and B a l l ,  1983) .  The ’e q u i l i b r i u m  
c o n s t a n t ’ approach i s  pr obabl y  most u s e f u l  in t o x i c o l o g i c a l  and  
a n a l y t i c a l  c h e m i s t r y  a p p l i c a t i o n s  as t h e  v a l u e s  o b t a i n e d  ar e  more  
r e l i a b l e  ( b e i n g  based on measured s t a b i l i t y  c o n s t a n t s )  and i t  i s  
l e s s  t e d i o u s  to  employ .  REDEQL-LPAK ( I n g l e  e i  a 1 ■, 1 90 0 ) ,  one  o f  
s e v e r a l  ’ e q u i l i b r i u m  c o n s t a n t ’ programs o f  t he  REDEQL/MINEQL l i n e  
(Morel  and Morgan, 1972) ,  was used in t h i s  s t udy  t o  c a l c u l a t e  
cadmium s p e c i a t i o n .  Al though the u n c e r t a i n t i e s  in t h e  s t a b i l i t y  
c o n s t a n t s  f or  t he  mono- and d i c h l o r o  c omp l e xe s  ar e  r e l a t i v e l y  smal l  
[ Zuehl ke  and Byrne,  1983) and tlie model was shown t o  p r e d i c t  Cd^ + 
a c t i v i t y  w e l l ,  c a u t i o n  must be e x e r c i s e d  in i n t e r p r e t a t i o n  o f  
s p e c i a t i o n  r e s u l t s  f o r  any model  due to  t h e  a n a l y t i c a l  pr ob l e ms  
d i s c u s s e d  above.
Changes in f r e e  cadmium ion a c t i v i t y  are p a r t i c u l a r l y  s h a r p  at  
low s a l i n i t i e s  ( F i g .  14) ,  Al though pH and o r g a n i c  l i g a n d s  have  
l i t t l e  e f f e c t  on s p e c i a t i o n  o f  cadmium in high s a l i n i t y  w a t e r  
( Z i r i n o  and Yamamoto, 1972;  Raspor e t  aJL , 1977)  t h e  e f f e c t s  o f  
t h e s e  c o n s t i t u e n t s  would be e x p e c t e d  t o  i n c r e a s e  markedly  as  
s a l i n i t y  d e c r e a s e s ;  thus  p r e d i c t i o n  o f  s p e c i a t i o n  a t  s a l i n i t i e s  
l e s s  t i ian about  1 0 ° / o n ,  where  t he  s t u p e s  o f  t he  f d ^ + and CdCl + 
l i n e s  are  p a r t i c u l a r l y  s t e e p ,  i s  f u r t h e r  c onf ounded by p o s s i b l e  
e f f e c t s  o f  pH and o r gan i c  c h e l a t i o n .  Al t hough w a t e r  was U.V.  
p h o t o o x i d i z e d  in t h e  p r e s en t  s tudy to  re duc e  c o n c e n t r a t i o n s  o f  
o r g a n i c  c h e l a t o r s  and pH e f f e c t s  are a c c o u n t ed  f o r  in t he  REDFQL -
FIGURE! 14.  R e l a t i v e  changes  in dominant cadmium s p e c i e s  as  a 
f u n c t i o n  o f  s a l i n i t y .  S p e c i e s  d i s t r i b u t i o n s  based on REDEQL-EPAK 
c a l c u l a t i o n s  o v e r  t h e  pH range d e s c r i b e d  f or  s p e c i a t i o n  
Experiment  I.
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EPAK mode l ,  l e s s  c o nf  i denco shoul d probably be A s s o c i a t e d  w i t h  
p r e d i c t i o n s  in low s a l i n i t y  w a t e r s .  A d d i t i o n a l l y ,  t h e s e  same 
problems h i nde r  c a l c u l a t i o n  o f  s g e c i a t i o r i  t o r  compari son  wi t h  
s t u d i e s  r e po r t e d  in the  l i t e r a t u r e ,  where pH l e v e l s  are  se ldom  
r e p o r t e d  and water  t re a t me n t  i s  g e n e r a l l y  not  d e s c r i b e d .
Comparison o f  the  r e s u l t s  o f  the p r e s en t  s tu d y  w i t h  t h o s e  
r e p o r t e d  in t h e  l i t e r a t u r e  f or  LL quoi l a t o r  (O’ Hara,  1 97 3 ) ,  
Paragrapsus  q aimadi  i (Mi l ne  Edwards) (Sul  1 i v a n , 1977 ) ,  £_■. s a p i d u s  
(Frank and Rober t s on ,  1979) ,  p u y n  (Sunda e t  a h ,  1 9 7 8 ) ,
Penaeus merge l ens  i s de Han (Denton and G o r d o n - J o n e s , 1932)  and tL  
bahia (R. A, Voyer,  pe r s ona l  communicat ion)  d e m o n s t r a t e s  a r e l a ­
t i v e l y  c o n s i s t e n t  e f f e c t  o f  s a l i n i t y  on the  a c u t e  t o x i c i t y  o f  
cadmium ( t o t a l )  ( F i g u r e  15) .  Except  f o r  the c a s e  o f  Pe,  
m e r g u i e n s i s  exposed a t  35°C,  which may have been compromised by 
s t a r v a t i o n  ( p r i o r  t o  and dur i ng  the  b i o a s s a y )  a t  such an extreme  
t e m p e r a t u r e ,  a g e n e r a l  i n c r e a s e  in LC^g i s  o b s e r v e d  wi t h  i n c r e a s i n g  
sal  i n i  t y .
Se ve r a l  problems pr e c l ud e  a r i g o r o u s  s t a t i s t i c a l  c ompari s on  o f  
a l l  s t u d i e s :  1) t he  works o f  Oenton arid Gordon-Jones  ( 1 9 8 2 )  and 
S u l l i v a n  ( 1977)  each employed o n l y  two t e s t  s a l i n i t i e s  and 
t h e r e f o r e  cannot  be a n a l y s e d  by most s t a t i s t i c a l  p r o c e d u r e s ,  and 2) 
in t he  s tu d y  by 0 ’ Hara ( 1 9 7 3 ) ,  crabs  (tT p u g i 1 a t o r ) were  a l l o w e d  
f r e e  a c c e s s  in and out. of the water  and c o n s i s t e n t  e x p o s ur e  among 
t r e a t me n t s  was thus  not  a s s u r e d .  A n a l y s i s  of  c o v a r i a n c e  o f  t he  
remai ni ng s t u d i e s  i n d i c a t e s  t h a t  the  s l o p e s  of' the  r e g r e s s i o n  l i n e s  
are not  s i g n i f i c a n t l y  d i f f e r e n t .  (<J - 0 . 1 7 9 )  and s a l i n i t y  
s i g n i f i c a n t l y  (P < 0 . 0 0 0 1 )  a f f e c t s  acut e  t o x i c i t y  o f  t o t a l  cadmium.
FIGURE IB. L C ^ s  ( a s  CcU) in r e l a t i o n  to s a l i n i t y  f o r  d i f f e r e n t  
s p e c i e s  o f  eruETacea r e p o r t e d  from t h e  l i t e r a t u r e .  Te s t  
t e m p e r a t u r e s  i n d i c a t e d  in l eg e n d .  See t e x t  f or  r e f e r n c e s .
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S l o p e s  [as  l og  r e g r e s s e d  on s a l i n i t y )  range  from 0 . 0 2 3 5  t o
0 . 0 1 5 9  f or  f \  f iugjo and H, bah i a ( both s t u d i e s )  and t o  0 . 0 4 3 9  f o r  
L  s a p i d u s ; t h e  r e l a t i v e l y  high v a l u e  f o r  hi u p  c r a b s  i s  due t o  the  
e f f e c t  o f  a s i n g l e  v a l ue  o b t a i n e d  at t he  low t e s t  s a l i n i t y  o f  
l ° / o o .
When LC^q v a l u e s  are  e x p r e s s e d  in terms o f  f r e e  cadmium ion 
(Cd^+) ,  as c a l c u l a t e d  by HCDEQL-LPAK, an apparent  i n c r e a s e  in 
t o x i c i t y  oc c ur s  w i t h  i n c r e a s i n g  s a l i n i t y  in most s t u d i e s  { F i g u r e  
16) ,  Al though a n a l y s i s  o f  c o v a r i a n c e  o f  t h e s e  d a t a  ( e x c l u d i n g  
t h o s e  data or  s t u d i e s  d i s c u s s e d  above]  i n d i c a t e s  t h a t  the s l o p e s  o f  
the r e g r e s s i o n  l i n e s  are not  s i g n i f i c a n t l y  d i f f e r e n t  (P = 0 , 0 9 1 )  
and t h a t  the  r e g r e s s i o n  i s  not  s i g n i f i c a n t  ( i . e .  poo l ed  s l o p e  = 0;
P = 0 , 4 8 9 ) ,  due t o  the  smal l  number (<3)  o f  t e s t  s a l i n i t i e s  in 
o t h e r  s t u d i e s  the p a t t e r n  o f  Cd?+ t o x i c i t y  may not  be a d e q u a t e l y  
d e f i n e d  f or  t h o s e  s p e c i e s ,  I t  i s  d i f f i c u l t  to p o s t u l a t e  wh e t he r  
t he  f r e qu e n t  d e f l e c t i o n  a t  i n t e r m e d i a t e  s a l i n i t i e s  ( e . g .  £L 
s a p i d u s , f \  f iugjo ,  H,  batna at  20°C) i s  s u g g e s t i v e  o f  the  more 
complex  p a t t e r n  ohs e r ved  he r e  f or  ft. bdh.ia where t o x i c i t y  was  
minimal  at an i n t e r m e d i a t e  s a l i n i t y ,  It may be t h a t  the  e f f e c t  o f  
low s a l i n i t i e s  on Cd^+ t o x i c i t y  i s  o n l y  apparent  f o r  fb bahi a  and
C. s a p i du s  b e c a u s e  i t  i s  o n l y  f or  t h o s e  s p e c i e s  t h a t  low s a l i n i t y  
dat a  are  a v a i l a b l e .  Comparison of  t o x i c i t y  in terms o f  Cd^+ i s  
f u r t h e r  h i nde r e d  by the d i f f i c u l t y  in c o n f i d e n t l y  c a l c u l a t i n g  
cadmium s p e c i a t i o n  from s t u d i e s  for' which the a u t h o r s  o f t e n  f a i l e d  
t o  r e p o r t  such p e r t i n e n t  i n f o r m a t i o n  as pH, measured s a l i n i t y ,  
t emperature  and cadmium c o n c e n t r a t i o n ,  water  t re a t me n t  p r o c e d u r e s ,  
e t c .
FIGURE 1 6 . LCc q S  ( a s  Cd ) in r e l a t i o n  to  s a l i n i t y  f o r  d i f f e r e n t  
s p e c i e s  o f  c r u S t a c e a  r e p o r t e d  f r o m  t h e  l i t e r a t u r e .  Test  
t e m p e r a t u r e s  i n d i c a t e d  in l e g e n d .  S e e  t e x t  f o r  r e f e r e n c e s .
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The r e s i d u a l  e f l e c t  of s a l i n i t y  on cadmium t o x i c i t y  obs e r ved  
a f t e r  c he mi c a l  s p e c i a t i o n  uf  the  metal  i s  a c c o u n t e d  f or  c o u l d  be 
r e l a t e d  d i r e c t l y  or  i n d i r e c t l y  to the  osmo- or i c m o r e g u l a t o r y  
s t a t u s  o f  t he  organi sm.  In the p r e s en t  s t u d y ,  an apparent  i n ­
f l e c t i o n  in Cd2+ t o x i c i t y  was obs e r ved  near t he  i s o s m o t i c  p o i n t ,  
which s u g g e s t s  a r o l e  o f  o s mo r e g u l a t i o n  in t he  s a l i n i t y  e f f e c t .  
I n d i r e c t  e f f e c t s  might  lie t h e  r e s u l t  o f  enhanced uptake  o f  d i v a l e n t  
i o n s  ( e . g .  e s s e n t i a l  met a l s  such as  c a l c i um  and z i n c  as  w e l l  as  
n o n e s s e n t i a l  m e t a l s  such as cadmium i t s e l f )  in low s a l i n e  w a t e r s ,  
which would e x p l a i n  the  i n c r e a s e d  t o x i c i t y  o b s e r v e d  a t  s a l i n i t i e s  
bel ow t he  i s o s m o t i c  p o i n t ,  S t u d i e s  i n d i c a t i n g  t h a t  uptake  i s  
p r i m a r i l y  an a c t i v e  p r oc e s s  ( e . g .  Gutknecht ,  1983;  Ah l e r s  and 
R o s i c k ,  1986)  and i s  i n h i b i t e d  by c o m p e t i t i v e  e f f e c t s  o f  o t h e r  
d i v a l e n t  i ons  ( e . g .  Wright ,  1977; Lake e t  a I . 1979;  Par t  a l . ,
1 9 8 5 a , b )  s upp or t  t h i s  h y p o t h e s i s .  P a s s i v e  i n f l u x  o f  cadmium i n t o  
h y p o r e g u l a t i n g  ani mal s  might  e x p l a i n  enhanced t o x i c i t y  a t  
s a l i n i t i e s  above t h e  i s o s m o t i c  p o i n t .  I n t e r e s t i n g l y ,  George e t  
al  , . ( 1978 )  found t hat  uptake o f  cadmium ( t o t a l )  by i s o l a t e d  
M y t i 1 us e d u l i s  ( ! . )  g i l l s  was not af  f e c t e d  by s a l  i n i t y  pe r  s e  but  
r a t h e r  by media o s m o l a l i t y ,  which would d i s c o u n t  both t h e  e f f e c t s  
o f  d i v a l e n t  ion ( e . g ,  c a l c i um)  c o m p e t i t i o n  and s p e c i a t i o n  e f f e c t s ;  
however ,  s i n c e  media o s m o l a l i t y  was v a r i e d  w i t h  s u c r o s e ,  changes  in 
g i l l  m e t a b o l i s m  may a l s o  have been r e s p o n s i b l e  f o r  t h e i r  r e s u l t s .
A l t hough  it. has not been de mons t r a t e d  in t he  p r e s e n t  or  o t h e r  
s t u d i e s  t h a t  cadmium impairs  tin- osmoreynTalory  s t a t u s  o f  
c r u s t a c e a n s  a c c l i m a t e d  to the  exposure1 s a l i n i t y ,  t h i s  may be a 
r e f l e c t i o n  o f  the  low s t a t i s t i f . i l  power o f  t h e  e x p e r i m e n t a l
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d e s i g n s ;  l o g i s t i c a l  c o n s t r a i n t s  prevent  the use o f  d e s i g n s  adequate  
t o  account  f or  the i nherent  var i ance  in the s y s t e m .  A d d i t i o n a l l y ,  
a l t hough hemolymph o s m o l a l i t y  nay not. be impaired,  r e g u l a t i o n  o f  
o t h e r  important  serum inns  may be a f f e c t e d .  Inde e d ,  green crabs  
exposed t o  cadmium e x h i b i t  a compensatory d e c r e a s e  in  serum 
magnesium (Bjerregaard and V i s i l e ,  1985a)  a l t hou gh  o t h e r  
c r u s t a c e a n s  demonstrate  an i ncrease  in serum c o n c e n t r a t i o n  o f  t h i s  
nox i ous  ion f o l l o w i n g  e xpos ure  to c h l o r i n e  and me t hoxyc h l or  
( C a l d w e l l ,  1974; f i u e s i j a d i  et  aj_ ,^ 1979;  Laird and Rober t s ,  1980) .  
The smal l  s i z e  o f  fL b a h i a hinders  s t u d i e s  of  t h e  e f f e c t s  on 
s p e c i f i c  hemolymph ions .
R e c e n t l y ,  McLusky and Hagerman ( 3987)  d e m o n s t r a t ed  that  median 
s u r v i v a l  t i me s  (CL^q) and LC^qS for the mysid Praunus  f l e x u o s u s  
(Mul l er)  were maximal at  2Z . 5° / uo  ( i s o s m o t i c  p o i n t )  and l e s s e r  a t  
hi g he r  and lower s a l i n i t i e s  f o l l o w i n g  e xpos ure  to  chromium or z i n c  
( t o t a l ) ,  a p a t t e r n  s i m i l a r  to  that  ob s e r v e d  in t h e  p r e s e n t  s tudy  
f o r  cadmium. Animals t r a n s f e r r e d  d i r e c t l y  to t e s t  s a l i n i t i e s  from 
a h o l d i ng  s a l i n i t y  of  9 ° / o o  demonstrated a d e c r e a s e d  a b i l i t y  to  
both hyper-  and h y p o r o y u l a t e  in the pr o s o n c e  o f  Cr or  Zn. Animals  
exposed t o  e i t h e r  metal  at  9u/ o o  ( i . e .  the  a c c l i m a t i o n  s a l i n i t y )  
and sampled at v a r i o u s  t ime i n t e r v a l s  appeared t o  become i s o s m o t i c  
wi t h  the media as sample t ime approached the IL^q f o r  the  
p a r t i c u l a r  metal  c o n c e n t r a t i o n .  Surv i va l  o f  a n i ma l s  exposed to  
n i c k e l  s i mpl y  i nc re as e d  l i n e a r l y  wi th i n c r e a s i n g  s a l i n i t y  and d i d  
not  e x h i b i t  s i g n i f i c a n t  o s r o r e y u l a  l ory  impairment  upon exposure  to  
t h i s  m e t a l .  These r e s u l t s  imply that  l he  p a t t e r n  o f  cadmium
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t o x i c i t y  observed f or  [1 bahia i s  s u g g e s t i v e  o f  o s mo r e g u l a t o r y  
impairment ,  a l though such changes  could not  be d e t e c t e d .
The r o l e s  o f  c a l c i um and mol t  s t a t u s  in e x p l a i n i n g  t h e  
’ r e s i d u a l ’ s a l i n i t y  e f f e c t  on Cd^+ t o x i c i t y  are  l e s s  ambiguous.  
Calcium had an e q u i v a l e n t  s par i n g  e f f e c t  on cadmium t o x i c i t y  
r e g a r d l e s s  o f  s a l i n i t y ,  s u g g e s t i n g  t ha t  t h e  c a l c i um  r e g u l a t o r y  
mechanism i s  not  modulated by ambient  s a l i n i t y  l e v e l  ( b u t  s t i l l  
perhaps by ambient c a l c i um  c o n c e n t r a t i o n )  a n d / o r  t h a t  s i m p l e  
c o m p e t i t i o n  between Cd^+ and Ca^+ f o r  b i o l o g i c a l  b i n d i n g  s i t e s  
o c c ur s .  Because  molt  r a t e  i s  a f f e c t e d  by s a l i n i t y ,  but  n o t  c a l c i um  
c o n c e n t r a t i o n  (between 16 and J 2 ° / o o } ,  t h e  e f f e c t  o f  c a l c i u m  on 
cadmium t o x i c i t y  i s  not  d i r e c t l y  r e l a t e d  t o  e c d y s i s ,  Al t hough not  
addres s ed  in the  pr e s en t  s t u dy ,  due both t o  the  lower s a l i n i t y  
t o l e r a n c e  l i m i t  o f  bahia  and t h e  l i m i t e d  number o f  l e v e l s  of  
each f a c t o r  (cadmium, c a l c i um  and s a l i n i t y )  which c o u l d  be examined  
and s t i l l  r e t a i n  a manageable  d e s i g n ,  e x a mi na t i o n  o f  t he  
r e l a t i o n s h i p s  among t h e s e  f a c t o r s  wi t h  e c d y s i s  and m o r t a l i t y  at  
l e v e l s  where c a l c i um might  be l i m i t i n g  t o  e c d y s i s  might  shed some 
l i g h t  on the  mechanisms i n v o l v e d .
The apparent  i n c r e a s e  in mol t  r a t e  due t o  c a d m i u m - s a l i n i t y  
i n t e r a c t i o n  i s  probably due t o  t h e  combined e f f e c t s  o f  a s hor t e ne d  
i n t e r mo l t  per iod  wi th i n c r e a s e d  s a l i n i t y  and p o s t - m o l t  s e n s i t i v i t y  
to cadmium; the g e n e r a l l y  s i g n i f i c a n t  c o r r e l a t i o n s  (both c o r r e c t e d  
and un c o r r e c t e d  f o r  t h e  e f f e c t  o f  s a l i n i t y )  between molt  c a s t s  and 
number dead support  t h i s  c o n c l u s i o n .  I n c r e a s e d  uptake o f  c a l c i u m  
and c o n s e q u e n t l y  cadmium due to t he  c o m p e t i t i v e  r e l a t i o n s h i p  
between the  two m e t a l s  in pos t  mol t  an i ma l s  may e x p l a i n  t he
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enhanced t o x i c i t y  as s u g g e s t e d  e a r l i e r  by Wright  ( 1 9 8 0 ) .  These  
r e s u l t s  s u g g e s t  t h a t  t o x i c i t y  t e s t s  e mpl oy i ng  cadmium and 
c r u s t a c e a n s  s h o u l d  a d d r e s s  t h e  mol t  phase  o f  t he  a n i ma l s  in the  
i n i t i a l  d e s i g n  s t a g e s  t o  avo i d  p o t e n t i a l  c o m p l i c a t i o n s  duo to p o s t -  
molt  s e n s i t i v i t y .
Ore o f  t h e  most  c o mp e l l i n g  r e a s o n s  f o r  t he  s tu d y  o f  f a c t o r s  
whi ch  may a f f e c t  t he  t o x i c i t y  o f  p o l l u t a n t s  i s  t o  e n a b l e  t he  
d e t e r m i n a t i o n  o f  r e a l i s t i c  "s a fe"  l e v e l s  o f  t he  p o l l u t a n t  in 
q u e s t i o n .  Current  f r e s h w a t e r  q u a l i t y  c r i t e r i a  f o r  cadmium employ a 
l o g - l o g  r e g r e s s i o n  and a n a l y s i s  o f  c o v a r i a n c e  o f  a c u t e  t o x i c i t y  and 
har dne s s  d a t a  f o r  f o ur  s p e c i e s  t o  d e r i v e  a h a r d n e s s - a d j u s t e d  
C r i t e r i o n  Maximum Value (USEPA, 1 9 8 5 a } .  F i na l  f r e s h w a t e r  Chronic  
Val ue s  f o r  cadmium are  s i m i l a r l y  d e r i v e d  u s i n g  h a r d n e s s  and 
t o x i c i t y  d a t a  f o r  two s p e c i e s .  However,  w h i l e  an e f f e c t  o f  
s a l i n i t y  was n o t e d ,  o n l y  a s i n g l e  s a l t w a t e r  C r i t e r i o n  Maximum Val ue  
o f  43 ug/L was d e r i v e d  f o r  a l l  s a l i n i t i e s .
Whi le t h e r e  have been s t u d i e s  p u b l i s h e d  on t h e  c h r o n i c  
t o x i c i t y  o f  cadmium at  d i f f e r e n t  i n d i v i d u a l  s a l i n i t i e s ,  t h e  e f f e c L  
o f  s a l i n i t y  c annot  be c o n f i d e n t l y  d e t e r mi n e d  by compari s on  o f  t he  
r e s u l t s  o f  t h e s e  s t u d i o s  due t o  e x p e c t e d  i n t e r  e x p e r i m e n t  and 
i n t e r - l a b o r a t o r y  v a r i a b i l i t y .  D e r i v a t i o n  o f  maximum c o n t i n u o u s  
c o n c e n t r a t i o n s  c o r r e c t e d  f or  s a l i n i t y  w i l l  r e q u i r e  t h a t  the  e f f e c t  
o f  s a l i n i t y  on c h r o n i c  cadmium t o x i c i t y  be d e t e r mi n e d  in s i n g l e  
t e s t s  f or  one or  more s p e c i e s .  However,  as  d e m o n s t r a t ed  above ,  
maximum c r i t e r i a  v a l u e s  coul d  be a d j u s t e d  f o r  s a l i n i t y  u s i ny  t he  
da t a  from t h i s  s t u d y  and t hos e  o f  Voyer ( p e r s o n a l  communi cat i on)  
f o r  M^  bahija,  Sunda e t  ai_L, ( 1978)  f o r  P. mm io and Frank and
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Robertson (1979} f or  s a p i d u s . I n s u f f i c i e n t  d a t a  ( i . e .  LC^gS a t  
>3 s a l i n i t i e s )  e x i s t  f or  the  i n c l u s i o n  o f  f i s h  s p e c i e s  i n t o  the  
c a l c u l a t i o n s .
A l t h o u g h  t o x i c i t y  i s  due to  t he  f r e e  cadmium i on ,  t h e  c o n ­
c e n t r a t i o n  o f  which v a r i e s  in r e l a t i o n  t o  s a l i n i t y  a l mo s t  e n t i r e l y  
as a f u n c t i o n  of  c h l o r i d e  c o n c e n t r a t i o n ,  s a l t w a t e r  q u a l i t y  c r i t e r i a  
are c u r r e n t l y  based on t o t a l  cadmium c o n c e n t r a t i o n .  The p r e s e n c e  
o f  c h e l a t o r s  such as EDIA, NTA, e t c ,  ( e . g .  near  sewage  o u t f a l l s )  
c ou l d  p o t e n t i a l l y  a l t e r  t o x i c i t y  p r e d i c t e d  from c r i t e r i a  based on 
t o t a l  me t a l  (as  opposed to  f r e e  i o n ) .  S a l i n i t y - a d j u s t e d  c r i t e r i a  
based on f r e e  cadmium ion c o n c e n t r a t i o n ,  r a t h e r  than t o t a l  cadmium,  
would p r o v i d e  a more a c c u r a t e  e s t i m a t e  o f  p o t e n t i a l  e c o l o g i c a l  
impact f o r  r e g u l a t o r y  pur pos e s .  Al though t he  e x p e c t e d  c r i t e r i o n  
v a l ue s  woul d  l i e  at the l ower  d e t e c t i o n  l i m i t s  o f  s p e c i f i c  ion  
e l e c t r o d e s ,  f ree  cadmium ion c o n c e n t r a t i o n  c ou l d  be r e l i a b l y  
p r e d i c t e d  by the use  o f  e q i l i b r i u m  c o n s t a n t  model s .  Anodic
s t r i p p i n g  vol tammotry , which i s  s e n s i t i v e  t o  ’ l a b i l e *  cadmium
g
c o n c e n t r a t i o n s  as low as 10 M, might  a l s o  p o t e n t i a l l y  be a p p l i e d  
to  p r o v i d e  a more r e a l i s t i c  e s t i m a t e  o f  t o x i c i t y .  The l i n e a r  
e f f e c t  o f  c a l c i um on f r e e  cadmium ion t o x i c i t y  c o u l d  be 
i n c o r p o r a t e d  into t he  s a l i n i t y  c o r r e c t i o n  f a c t o r  due t o  t h e  
r e l a t i v e l y  c o n s e r v a t i v e  nat ure  o f  t h i s  component in s e a w a t e r .
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